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SECTION  1 


INTRODUCTION 

The  increasing  application  of  advanced  composite  materials  in  primary 
and  secondary  aircraft  structural  components  has  spurred  a  need  to  establish, 
and  periodically  assess,  acceptance  criteria  for  production  components  built 
out  of  these  new  materials.  In  order  to  establish  appropriate  acceptance 

criteria,  the  effect  of  materials-,  process-;,  or  service- induced  defects 
on  the  mechanical  response  of  laminated  aircraft  structural  components 
must  be  quantified.  The  results  must  relate  the  size  of  a  flaw,  as 
measured  through  routine  quality  control  procedures,  to  the  corresponding 

degradation  in  mechanical  properties  that  influence  design  criteria.  An 
examination  of  these  defect-degradation  relationships,  and  a  knowledge 
of  acceptable  property  degradation  levels,  will  establish  critical  defect 

levels  above  which  components  will  be  rejected  from  use  in  production  aircraft 
or  require  repair. 

This  report  discusses  a  program  that  attempts  to  quantify  the  severity 
of  materials-related  or  process-induced  defects  in  AS/3501-6  graphite/ epoxy 
laminates.  Emphasis  is  laid  on  porosity  as  the  primary  defect  under  study, 
though  a  limited  number  of  tests  on  specimens  with  imbedded  delaminations 
was  also  carried  out.  The  primary  laminate  under  study  is  a  30-ply  lami¬ 
nate  with  a  layup  similar  to  a  highly-loaded  portion  of  the  F/A-18A 
vertical  stabilizer  skin.  Grimes  and  Adams  (Ref.  1)  have  generated  the 
basic  properties  under  compressive  loading  situations,  for  defect-free 
AS/3501-6  laminates  including  some  basic  laminates  ([o^^*  [90] 24t  anc* 

[+45]  ),  and  the  30-ply,  [(±45 ) 5/0^^/ 90^]c  laminate.  The  program  discussed 

in  this  report  adopts  the  above-mentioned  AS/3501-6  laminates  for  a  test 
program  that  aims  at  quantifying  the  effect  of  materials-  and  process-induced 
defects. 

At  the  initiation  of  the  program,  a  preliminary  study  was  conducted 
to  simulate  the  various  plausible  situations  under  which  porosity  can  be 
introduced  in  a  laminate  during  material  handling  and  processing.  Results 
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from  this  study  were  used  to  introduce  uniform  porosity  levels  in  test 
laminates.  In  a  limited  number  of  30-ply  specimens,  delaminations  were 
introduced  at  midplane,  during  layup,  using  Teflon  inclusions.  Defective 
laminates  were  subsequently  subjected  to  static  and  cyclic  compressive 
loading,  and  the  results  compared  with  those  in  Reference  1,  to  assess  the 
effect  of  materials-related  or  process-induced  defects  on  the  structural 
response  of  AS/3501-6  laminates.  Prior  to  drawing  comparisons,  differences 
in  the  fiber  volume  percentages  of  compared  laminates  were  appropriately 
accounted  for.  Static  compression  test  results  quantified  the  effect  of 
porosity  and  delaminations  on  the  ultimate  and  proportional  limit  values 
of  stress  and  strain,  Poisson's  ratio  and  the  modulus  of  elasticity.  Con¬ 
stant  amplitude,  compression  fatigue  (R=10)  test  results  quantified 
the  effect  of  porosity  on  the  threshold  strain  level  at  which  1.25x10 
cycles  of  loading  can  be  sustained  without  failure.  Failed  test  specimens 
were  analyzed  at  the  University  of  Wyoming  to  observe  failure  surfaces, 
to  predict  the  sequence  of  these  failures,  and  to  correlate  predictions 
with  test  results. 

It  must  be  noted  here,  that  the  laminates  tested  in  this  program 
deliberately  contained  a  high  level  of  porosity,  approximately  twice  as 
severe  as  the  worst  situation  realized  thus  far  in  the  production  of  the 
F/A-18A  vertical  stabilizer.  Presented  results  should,  therefore,  be 
evaluated  with  this  in  mind. 
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SECTION  2 


DETAILS  OF  THE  EXPERIMENTAL  PROGRAM 


2.1  SUMMARY 

Uniform  porosity  was  identified  as  the  predominant  mater ials-r elated 
or  process-induced  defect  in  AS/3501-6  graphite/ epoxy  test  laminates. 

On  a  limited  scale,  the  effect  of  an  imbedded  delamination  on  the  com¬ 
pression  behavior  of  a  chosen  AS/3501-6  laminate  was  also  studied.  Table  1 
lists  the  various  tests  conducted  under  the  program.  Static  compression 
and  compression  fatigue  (R=10)  tests  were  carried  out  on  basic  laminates 
-  M24T’  [90] 24t  ant*  “  with  uniform  porosity,  under  room  tempera¬ 

ture  dry  (RTD)  and  room  temperature  wet  (RTW)  conditions.  Fatigue  tests 
were  limited  to  RTW  conditions,  and  the  moisture  content  in  the  specimens 
was  monitored  to  be  approximately  11  by  weight.  Static  compression  and 
compression  fatigue  (R=10)  tests  were  then  conducted  on  a  porous,  30-ply, 

[(+45) ^/0^g/90^] c  laminate  with  a  layup  similar  to  that  of  a  portion 

of  the  F/A-18A  vertical  stabilizer  skin.  These  tests  were  conducted  under 
RTD,  RTW  and  218FW  conditions.  Finally,  static  compression  and  compression 
fatigue  (R=10)  tests  under  RTD  conditions  were  also  carried  out  on  non-porous, 
[(+45) ^/0^g/90^] ^  specimens  with  imbedded,  0.5  inch  long  delaminations 

between  plies  15  and  16.  The  delamination  in  these  specimens  were  located 
at  mid-length  and  extended  across  the  entire  width. 

Details  pertaining  to  the  introduction  of  uniform  porosity  in  the 
test  laminates,  and  the  execution  of  the  various  tests  in  Table  1,  are 
presented  in  the  following  sub-sections. 

2.2  TEST  MATERIAL  EVALUATION 

Test  laminates  were  fabricated  from  AS/3501-6  graphite/epoxy  prepreg. 
Table  2  presents  acceptance  test  results  on  three  rolls  of  material  used 
in  the  fabrication  of  the  program  test  laminates.  Quality  control  (QC)  and 
process  specifications  for  the  test  program  are  presented  in  Appendix  A. 

It  is  seen  that  material  acceptance  test  results  meet  the  QC  requirements 
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TABLE  1.  STATIC  COMPRESSION  AND  COMPRESSION  FATIGUE  PROGRAM  TEST  MATRIX 


*See  Appendix  B  for  fixture  details.  __  _ 

^Actual  30-ply  lamination  sequence  is  [+45/0/90/0^/90/0^ /+4  5  /  0 /+4  5  Jg.  It  is  abbreviated  in  the 
report  to  [(+45)  ^/0^g/90^]c. 

+UP- — ►uniform  porosity;  DL — ►delamination  between  plies  15  and  16. 


TABLE  2.  AS/3501-6  GRAPHITE/ EPOXY  AVERAGE  ACCEPTANCE  TEST  RESULTS 


listed  in  Appendix  A. 

2.3  POROSITY  EVALUATION  STUDY 


This  sub-section  has  to  be  prefaced  by  the  statement  that  the  quanti¬ 
fication  of  the  level  of  porosity  in  a  laminate  is  nebulous,  and  very  much 
dependent  on  the  employed  evaluation  technique  (see  Ref.  2).  In  this 
study,  a  chemical  analysis  technique  (using  acid  digestion)  and  an  image 
analysis  of  cross-sectional  photomicrographs  under  a  scanning  electron 
microscope  (SEM)  were  employed  to  quantify  the  porosity  content  in  the  test 
laminates.  Void  contents  measured  by  the  chemical  analysis  technique 
are  very  sensitive  to  the  assumed  fiber  and  matrix  density  values  (see 
Ref .  2) .  Computation  of  porosity  levels  via  SEM  image  analysis  is  restric¬ 
ted  to  the  observed  laminate  cross-section,  and  an  average  of  many  examina¬ 
tions  is  mandatory  for  a  reliable  laminate  void  content  measurement.  Image 
analysis  void  content  measurements  were  observed,  in  this  study,  to  be 
approximately  1%  in  excess  of  chemical  analysis  measurements.  Ultrasonic 
through  transmisss ion  records  and  x— radiographs  were  obtained  to  nondes— 
tructively  observe  the  extent  of  porosity  in  the  test  laminates.  The 
program  goal  was  to  introduce  uniform  porosity  in  the  test  laminates, 
amounting  to  3  +  2%  via  chemical  analysis,  or  4  +  2%  via  SEM  image  analysis. 

An  initial  porosity  evaluation  study  was  conducted  using  "over -aged" 
material  (Batch  A)  and  fresh  material  (Batch  B) .  The  "over-aged"  material 
had  exceeded  the  maximum  allowable  time  for  being  out  of  the  freezer  at 
room  temperature.  Three  laminates  of  different  configurations  were 
fabricated  using  Batch  A  material,  and  four  laminates  were  built  out  of 
Batch  B  material  (see  Table  3).  Batch  A  laminates  (Nos.  1,  2  and  3  in 
Table  3)  were  not  debulked  during  layup,  and  were  cured  under  vacuum 
pressure  only.  Physical  properties  of  these  laminates  are  listed  in  Table  3. 
X— rad iographs  indicated  severe  porosity  levels  in  all  three  laminates, 
and  void  contents  ranging  from  1.83%  to  5.27 %  were  measured  via  chemical 
analysis . 

Laminates  identified  as  ACL-4410,  -4411,  -  4412  and  -4416  in  Table  3 
were  made  from  fresh  material  (Batch  B)  and  all  of  them  had  the  configu¬ 
ration  of  Laminate  No.  2.  Laminate  ACL— 4410  was  not  debulked  and  was  cured 
under  vacuum  pressure  only,  similar  to  laminate  No’s.  1,  2,  and  3. 
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TABLE  3.  INITIAL  POROSITY  EVALUATION. 
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Laminate  ACL-4410  has  a  somewhat  higher  level  of  porosity  than  laminate 
No.  2,  and  both  the  laminates  contained  heavy  porosity  as  seen  through 
X -radiographs.  Laminate  ACL-4410  also  had  selected  cross-section  photo¬ 
micrographs  subjected  to  SEM  Image  Analysis,  giving  a  void  volume  percentage 
of  8.63%,  a  larger  value  than  that  yielded  by  the  chemical  analysis  technique 
(7.04%).  Laminate  ACL-4411  used  the  standard  cure  cycle  (see  Appendix  A), 
but  with  the  vacuum  bag  made  to  develop  a  leak,  during  initial  heat-up  and  dwell. 
The  computed  void  content  was  low-0%  by  chemical  analysis  and  0.90%  by 
image  analysis.  Laminate  ACL— 4412  used  the  standard  cure  cycle  except 
that,  when  the  vacuum  was  turned  off,  the  bag  was  not  vented  to  the 
atmosphere.  The  physical  properties  of  ACL-4412  are  similar  to  those  of 
ACL-4411.  Void  content  is  zero  by  both  methods.  Prior  to  laying  up 
laminate  4416,  the  prepreg  was  hung  in  a  90  F  temperature  humidity  chamber 
(95%  RH)  for  72  hours.  The  standard  cure  cycle  was  used.  Void  content 
was  0%  by  chemical  analysis  and  1.05%  by  image  analysis. 

Subsequent  to  the  initial  study  (Table  3) ,  a  second  porosity  evaluation 
study  was  conducted  using  fresh  AS/3501-6  material.  One  control  laminate 
and  five  others  were  fabricated  as  listed  in  Table  4.  Laminate  ACL-4446 
was  the  void-free,  [03/+45/02/90]2g  control  laminate.  A  50x  photomicrograph 

of  laminate  4446  (Fig.  1)  verifies  that  it  has  negligible  porosity.  The 
remaining  five  laminates  were  fabricated  using  vacuum  plus  different  cure 
pressures  (0,  15  and  30  psi) .  From  the  results  presented  in  Table  4,  it  is 
seen  that  laminate  void  content  increases  a,s  the  cure  pressure  decreases. 

Void  content  measurements  by  the  Image  Analysis  technique  are  again  signi¬ 
ficantly  higher  than  chemical  analysis  measurements,  as  seen  in  the  initial 
evaluation  study.  Void  contents  for  the  three  laminates  of  the  second 
porosity  evaluation  study  (Table  4) f fabricated  using  vacuum  plus  15  psi 
cure  pressure,  ranged  from  0%  to  1.9%  by  chemical  analysis  and  from  2.70% 
to  6.08%  by  Image  Analysis.  A  photomicrograph  of  a  section  of  one  of  these 
porous  laminates  is  shown  in  Figure  2.  Based  on  the  results  of  Table  4, 
vacuum  plus  15  psi  cure  pressure  was  selected  for  making  program  laminates 
with  uniform  porosity. 
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TABLE  4.  SECOND  POROSITY  EVALUATION 
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*Using  Image  Analysis 

"GTime-temperature  portion  of  cure  cycle  was  per  Process  Instruction  Sheet  M&P-D  No. 


Figure  1 


Photomicrograph  of  an  ACL-4446  Cross-Section 
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2.4  FABRICATION  AND  EVALUATION  OF  PROGRAM  TEST  LAMINATES 


In  compliance  with  the  program  requirements  listed  in  Table  1,  four 
laminates  -  three  with  uniform  porosity  and  a  non-porous  laminate  with  an 
imbedded  delamination  -  were  fabricated  according  to  process  instructions 
detailed  in  Appendix  A  and  the  drawings  in  Appendix  B  (see  Table  5). 

Laminates  A,  B  and  C  were  porous  and  had  configurations  of  [o] 24t’  [+' ^5]gg 

and  [(±45)5/016/904]c,  respectively.  Laminate  D  was  identical  to  laminate 
C  in  configuration,  non-porous,  and  contained  0.5  inch  long  Teflon  inclusions 
(imbedded  delaminations)  between  plies  15  and  16. 

Fabricated  test  panels  were  subjected  to  nondestructive  inspection  to 
observe  the  presence  of  induced  defects.  Initial  ultrasonic  C-scan  records 
of  the  porous  laminates  (A,  B  and  C)  were  obtained  using  a  27-ply 
defect  standard  panel.  As  expected,  the  C-scan  printouts  were  blank, 
indicating  a  porous  laminate.  A  second  setting  was  then  achieved  by  using 
lead  tapes  on  the  back  surface  of  the  laminate  and  adjusting  the  instrumenta¬ 
tion  until  a  signal  was  transmitted  through  the  laminate.  This  required 
power  100  times  in  excess  of  that  normally  used  and  yielded  a  C-scan  pattern 
of  the  relative  areal  gross  density  of  porosity  in  the  laminate.  Figure  3 
shows  a  sample  comparison  of  the  C-scan  records  corresponding  to  the  two 

settings.  An  ultrasonic  C-scan  record  of  laminate  D  reveals  the  built-in 
delaminations,  and  shows  that  the  laminate  is  defect— free  otherwise  (Fig.  4). 

The  void  contents  and  other  physical  properties  of  laminates  A,  B, 

C  and  D  were  obtained  through  specimens  identified  in  the  fabrication 
drawings  (see  Appendix  B) .  Enlarged  (50x)  cross-section  photomicrographs 
of  laminate  cross-sections  were  obtained > showing  intentionally  induced 
porosity  and  delamination  defects.  The  locations  of  these  particular 
specimens  in  each  laminate  are  shown  in  the  fabrication  drawings  in 
Appendix  B.  Four  specimens  from  each  laminate  were  examined,  and  longi¬ 
tudinal  (parallel  to  the  0°  laminate  axis)  and  transverse  (perpendicular  to 
the  0°  laminate  axis)  cross-sections  of  each  specimen  were  photomicrographed . 
An  SEM  Image  Analysis  of  the  photomicrographs  yielded  the  void  volumes 
of  the  corresponding  cross-sections.  The  average  Image  Analysis  void 
volume  of  each  specimen's  longitudinal  and  transverse  cross-sections, 
abbreviated  as  IAVV,  was  recorded.  Figure  5  presents  sample  photomicrographs 
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Figure  3.  Ultrasonic  C-Scan  Records  of  Porous  Laminate  B  at 
Two  Instrumentation  Settings. 


Ultrasonic  C-Scan  Record  of  Non-Porous  Laminate  D,  Showing 
Imbedded  Delamination  Locations. 


.s  of  Specimen  A-81;  IAW 


of  a  Laminate  A  specimen.  The  remaining  three  sets  of  photomicrographs  for 
laminate  A,  and  similar  records  for  laminates  B,  C  and  D  are  presented  in 
Appendix  B.  The  average  of  the  four  sets  of  data  yielded  the  void  volume 
as  measured  via  an  SEM  image  analysis  technique.  The  porosity  level  in 
Laminate  A  ranged  from  1.05%  to  5.70%  with  a  mean  value  of  3.06%.  The 
porosity  content  of  Laminate  B  ranged  from  2.10%  to  2.60%  with  a  mean 
value  of  2.31%.  The  Image  Analysis  void  volume  measurements  for  laminate 
C  ranged  from  2.70%  to  3.35%,  with  a  mean  value  of  3.05%.  Image  analysis 
of  Laminate  D  specimens  measured  an  average  porosity  level  of  <0.06%,  which 
is  essentially  a  "non-porous"  value.  In  a  similar  manner,  void  volumes  were 
also  measured  using  a  chemical  analysis .  This  involved  acid  digestion 
of  sample  specimens  from  the  program  laminates,  and  computations  based  on 
assumed  fiber  and  matrix  density  values  (Ref.  2).  As  mentioned  in  subsec¬ 
tion  2.3,  a  considerable  difference  was  observed  in  the  void  content 

values  computed  by  the  two  techniques.  Nevertheless,  a  look  at  the  photo¬ 
micrographs  of  the  corner  specimens  and  the  ultrasonic  C-scans  of  each  of 
the  program  laminates  ascertains  the  fact  that  Some  level  of  uniformity 
does  exist  in  the  induced  porosity.  How  uniform  the  porosity  in  each 
laminate  is,  when  viewed  in  a  three-dimensional  manner,  is  difficult  to 
establish  without  sacrificing  test  specimens.  The  fiber  volume  percentage, 
resin  content  and  specific  gravity  of  each  of  the  four  program  laminates 
were  also  determined  using  standard  procedures  (Refs.  1  and  3). 

A  summary  of  the  average  physical ‘properties  is  presented  in  Table  6. 

The  goal  of  obtaining  a  uniform  porosity  level  of  3  +  2%, by  chemical 
analysis,  was  achieved  in  laminates  A,  B  and  C.  It  is  also  seen,  in  Table 
6,  that  the  void  content  of  the  non-porous  laminate  D  was  measured  to  be 
0%.  Differences  in  the  physical  properties,  other  than  void  content,  of 
the  test  laminates  may  be  explained  by  reviewing  the  material  and  process 
parameters  in  Table  5.  Two  contributing  factors  of  significance  are: 

(1)  the  material  batch  variability,  and  (2)  the  heat-up  rates  from  room 
temperature  to  dwell  temperature,  and  from  dwell  temperature  to  cure 
temperature. 

The  differences  in  the  physical  properties  of  the  various  test  laminates 
will  undoubtedly  affect  the  interpretation  of  their  relative  mechanical 
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TABLE  6.  PHYSICAL  PROPERTIES  OF  TEST  LAMINATES 


responses.  But,  of  all  the  properties  listed  in  Table  6,  laminate  mechanical 
response  is  expected  to  be  affected  significantly  only  by  the  void  content 
and  the  fiber  volume  percentage.  Further,  the  void  volume  effect  is 
expected  to  be  more  significant  than  the  fiber  volume  effect  on  the  mechani¬ 
cal  properties  of  the  test  laminates. 

2.5  QUALITY  CONTROL  (QC)  TESTS  ON  PROGRAM  LAMINATES 

2*5.1  QC  Flexure  Tests 

Longitudinal  and  transverse  flexure  tests  were  conducted  on  laminate 

A  specimens  per  ASTM  standards  spelled  out  in  D-790.  A  four  point  beam 

test,  with  quarter  point  loading,  was  carried  out.  A  nominal  beam  width 

of  0.5  inch  was  used.  Span-to-depth  ratios  of  32:1  for  longitudinal 

flexure  tests,  and  25:1  for  transverse  flexure  tests  were  selected.  Four 

tests  were  conducted  for  each  case.  Longitudinal  flexure  tests  on  laminate 

A  specimens  yielded  an  average  failure  load  of  480  lbs,  a  mean  ultimate 

6 

stress  value  of  167.58  ksi,  an  average  modulus  of  17.38  x  10  psi,  and  a 
mean  beam  failure  deflection  value  of  0.324  in.  Transverse  flexure  tests 
on  laminate  A  specimens  yielded  an  average  failure  load  of  37  lbs,  a  mean 

g 

ultimate  stress  value  of  9.98  ksi,  an  average  modulus  of  1.36x10  psi, 
and  a  mean  beam  failure  deflection  value  of  0.146  inch.  Comparing  these 
results  with  those  in  Table  2,  it  is  seen  that  the  longitudinal  flexural 
strength  of  porous  laminate  A  specimens  is  73%  of  the  value  corresponding 
to  non-porous  specimens,  after  fiber  volume  differences  are 

accounted  for.  Longitudinal  modulus  of  porous  laminate  A  specimens  is 
96%  of  the  value  corresponding  to  non-porous  [o]pgT  sPec™ens*  Similar 

reductions  are  expected  in  the  transverse  flexure  properties,  but  these  data 
were  not  generated  on  non-porous  specimens  to  form  a  basis  for  comparison. 

2.5.2  QC  Static  Compression  Tests 

Porous  laminate  C  specimens  were  subjected  to  transverse  static 
compression  tests  under  room  temperature,  dry  (RTD)  conditions.  Test  speci¬ 
mens  were  3  in.  long  and  2  in.  wide,  and  were  supported  laterally  in 
an  ETL  test  fixture  (see  Appendix  B) .  Three  tests  were  conducted.  The 
average  transverse  compression  strength  was  measured  to  be  -54.2  ksi, 
which  is  in  excess  of  the  requirements  (-40  ksi)  spelled  out  in  the  Q.C. 
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instruction  sheet  (see  Appendix  A),  But  the  porous  strength  of  -54.2  ksi 
is  only  64%  of  the  nonporous  strength,  reported  in  Reference  3,  after  fiber 
volume  differences  are  accounted  for. 

2.5.3  QC  Static  Tension  Tests 

Quality  Control  (QC)  static  tension  tests  were  carried  out,  per  ASTM 
D-3039  standards,  on  specimens  from  laminates  A,  B,  C  and  D,  under  RTD 
conditions.  The  results  are  presented  in  Table  7.  A  comparison  of  these 
results  for  porous  laminates  with  corresponding  results  for  non-porous 
laminates,  presented  in  References  1  and  3,  enables  one  to  assess  the  effect 
of  porosity  on  static  tension  response.  But,  prior  to  drawing  comparisons, 
the  effect  of  the  differences  in  the  fiber  volume  percentages  on  mechan¬ 
ical  response  has  to  be  considered  for  the  compared  laminates.  This  is 
done  by  establishing  criteria,  presented  in  Table  8,  based  on  a  comparison 
of  available  data  in  the  literature  and  intuition.  The  criteria  in 
Table  8  are  valid  both  for  tensile  and  compressive  mechanical  property 
dependence  on  fiber  volume  percentage.  The  degradation  in  the 
static  tension  test  data  due  only  to  porosity  effects  is  listed  in  Table 
9.  Fiber  volume  differences  between  compared  laminates  have  been  accounted 
for,  per  Table  8,  in  the  results  of  Table  9.  A  comparison  between  non¬ 
porous  laminate  C  tension  data  (Ref.  3)  and  tension  data  for  laminate  D 
(non-porous,  laminate  C  layup,  but  including  an  imbedded  delamination 
at  midplane)  is  also  included  in  Table  9. 

A  review  of  the  results  in  Table  9  indicates  a  21%  reduction  in  the 
tensile  strength  of  [o]24t  anc^  C® 24T  sPec^jnens  due  to  2. 12%  voids 

as  measured  by  chemical  analysis.  It  must  be  noted,  though,  that  hydraulic 
grips  seemed  to  have  applied  excess  pressure  in  the  tab  region  in  both 
test  cases  causing  failure  under  the  bevelled  region  of  the  tabs.  The 
measured  ultimate  strengths  of  these  porous  specimens  are  therefore 
suspected  to  be  lower  than  actual.  Consequently  the  21%  reduction  in 
the  tensile  strengths  is  believed  to  be  an  over estimation,  particularly 
so  for  the  layup.  The  tensile  modulus  of  [0J24T  sPec™ens  was  un_ 

affected  by  porosity,  while  an  8%  reduction  was  observed  in  the  modulus 
of  [^^24t  SP60™6118* 
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TABLE  7.  Q.C.  STATIC  TENSILE  DATA  ON  LAMINATES  A,  B,  C  AND  D  UNDER  RTD  CONDITIONS 


1 

w 

CO 

M 

co 

CO 

Q\ 

o 

CM 

CO 

00 

CM 

cr< 

o> 

vO 

vO 

^3- 

vO  CM 

in 

o 

O 

00 

3 

cd 

r-4 

>»  CO 

pj 

ON 

rH 

r- 

in 

CM 

CM 

CM 

CM 

<3* 

vO 

vO 

in 

MT 

rH 

CO 

CO 

in  n 

vo 

vO 

m 

m 

3 

w 

•rl 

00 

vO 

rH 

rH 

rH 

rH 

CM 

CM 

CM 

CM 

o 

O 

O 

o 

'd- 

<3- 

H* 

<3- 

'd- 

no 

O  vO 

rH 

rH 

rH 

rH 

rH 

rH 

O 

4-1 

*H  O 

£ 

C 

4-1  iH 

CO 

3 

LO 

V£> 

o 

00 

in 

C** 

CO 

rH 

n 

00 

00 

-d* 

in 

00  CO 

in 

00 

O 

CO 

o  o 

00 

CM 

CJV 

vO 

rH 

CM 

<r 

av 

CO 

CM 

MT 

o 

o 

in 

rH 

CM 

rH  CM 

ov 

<d- 

O 

Ov 

rH 

CO  *H 

rH 

CO 

CM 

CM 

CM 

CM 

rH 

r*^ 

av 

00 

n 

<3- 

CM 

<r  co 

CO 

in 

in 

in 

CO  4J 
•H  ptf 

co 

CO 

CO 

CO 

o 

o 

O 

o 

vO 

vO 

vO 

vO 

co 

CO 

CO 

CO 

rH 

rH  H 

rH 

rH 

rH 

rH 

rH 

o 

P4 

o 

o 

O 

o 

o 

o 

o 

d 

o 

o 

o 

o 

o 

o 

o 

o 

o 

d  O 

o 

o 

o 

o 

O 

“ 

CD  (T>  O  c 

D 

o> 

r^. 

o 

vo 

CO 

o 

rH 

o 

O 

a  a 

in 

rH 

r- 

<r 

00 

CO 

o 

OV 

Os 

vO 

4J 

iH  *H 

o 

mT 

00 

r- 

00 

CO  CT\ 

rH 

00 

00 

as 

03 

*% 

mu 

■r 

A 

Pi  ms 

** 

ms 

ms 

m% 

u  3 

<3- 

co 

CO 

CO 

co 

CO  CO 

CO 

vo 

in 

m 

m 

-5 

•-4 

U  -H 
CO  zL 

,  __ 

, 

_ 

— — 

— 

— — “ 

JrL'  r  _ 

CD  O  O  C 

D 

• 

O 

in 

o 

in 

in  o 

<d- 

■<r 

CM 

00 

00 

Q. 

CO 

o 

vO 

o 

in 

vO 

00  o 

00 

rH 

r-» 

vO 

rH 

O 

CO 

o 

CM 

o 

vO 

co  o 

vo 

CM 

O 

00 

u 

a)  *h 

• 

0 

• 

•  • 

• 

• 

• 

• 

• 

Pu 

M  CO 

o 

o 

av 

vO 

in  oo 

vO 

CO 

00 

vo 

4-1  W 

rH 

rH 

rH 

rH  rH 

rH 

CM 

CM 

CM 

CM 

cn  ^ 

•  ^ 

3  c 

CM 

00 

vo 

CM 

rH 

CM 

vO 

vO 

oo 

rH 

rH 

o 

co 

in 

00 

CM 

in 

o  o 

CM 

00 

o 

o 

av 

•H  *H 

00 

vO 

CM 

00 

vO 

00 

in 

O 

Mf 

o 

CM 

r** 

o 

o 

rH 

00  rH 

O 

<r 

CTv 

o 

cd  ^ 

00 

in 

CM 

CM 

rH 

in 

»H 

CM 

vO 

rH 

CO 

CO 

o 

vO 

o 

00 

co 

CO 

rH 

CM 

o 

tu 

u  3 

* 

ms 

m* 

PI 

M 

4* 

ms 

* 

#1 

r 

ms 

*  H 

ms 

r* 

r> 

•* 

** 

4J 

4J  iH 

00 

CTv 

ON 

o\ 

-d* 

<T 

Mf 

00 

r-> 

rH 

iH 

o 

r — 1 

o 

av  o 

o 

00 

00 

o 

00 

03 

CO  Pi 
s-/l 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

in 

in 

CM 

mt 

o 

O 

rH 

in 

CM 

in 

Mf 

CO 

vO 

n 

CO 

oo 

av 

co 

CO 

CM 

Os 

■U 

CO 

<r 

CM 

rH 

CM 

co 

ov 

CM 

00 

co 

CM 

o\ 

00 

CM 

00 

00 

vO 

in 

av  vo 

co 

vo 

rH 

CM 

CM 

rH 

CO  y-N1 

in 

f^. 

r- 

in 

VO 

CM 

<3* 

cr» 

CM 

CO 

rH 

in 

CO 

in 

rH 

vo 

00 

CTv 

3> 

<U  *H 

• 

• 

m 

» 

• 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

• 

M  CO 

CM 

CM 

vO 

O 

in 

in 

in 

in 

in 

vO 

vO 

vO 

rH 

iH 

CM 

00 

co 

00  CM 

rH 

r^. 

00 

av 

00 

vD 

00 

vO 

CM 

CM 

CM 

CM 

CM 

CM 

rH 

rH 

.  <r 

CO  vf 

H- 

co 

CO 

co 

CO 

co  ^ 

i 

rH 

rH 

rH 

rH 

rH 

\ — 1 

rH 

rH 

I 

✓— s 

<f 

in 

co 

CO 

CM 

co 

i 

vO 

vO 

<t 

i 

o 

O 

CO 

o 

00  vo 

vo 

<r 

CM 

u 

CO  • 

CM 

CO 

m3* 

mt 

<r 

MT 

co 

CO 

co 

00 

00 

00 

00 

r- 

•rl 

co  c 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH  rH 

rH 

rH 

rH 

A- 

4 

a>  m 

* 

• 

• 

• 

» 

# 

# 

• 

• 

■ 

• 

•  « 

0 

• 

* 

E- 

-l 

3  w 

O 

O 

o 

o 

o 

O 

o 

O 

o 

o 

o 

O 

o 

o  o 

o 

o 

o 

1 

J3  ^-N 

o 

o 

o 

o 

o 

o 

i-l 

4J  • 

mm  |  H 

o 

o 

o 

o 

o 

o 

m 

e 

O  3 

T3  C 
*r4  m 

m 

— 1 

o 

o 

• 

o 

* 

o 

o 

£ 

a 

3:  w 

o 

.  rH 

rH 

rH 

rH 

rH 

CO 

MT 

n 

I 

vO 

r*> 

00 

A 

00 

Ov 

i 

o b  cn 

i 

O 

rH  CM 

1 

CO 

<3- 

m 

A 

1 

•H 

co 

I 

CO 

CO 

f 

CO 

co 

■ 

co 

T 

rH 

| 

rH 

| 

rH 

■ 

T 

CO 

co 

CO 

t 

Mf 

1 

>d* 
1  1 

T 

rH 

| 

rH 

rH 

| 

| 

O 

I 

<3* 

1 

sr 

i 

<r 

3 

1 

<r 

i 

<3* 

1 

*d- 

3 

in 

1 

in 

1 

n 

3 

1 

vO 

vO 

vO 

3 

vO 

vO  vO 

3 

CM 

CM 

CM 

c 

(3 

vO 

vO 

vO 

cd 

vO 

vO 

vO 

cd 

vO 

vO 

vO 

cd 

vO 

vO 

vO 

cd 

vO 

vO  VO 

5 

r*. 

S! 

CXi  O 

<T 

a) 

Mf 

<r 

<r 

cu 

Mf 

<u 

>d- 

<r 

<u 

*<r 

-d- 

QJ 

<r 

QJ 

CO  0 

<T 

<3* 

£ 

MT 

<r 

£ 

-d* 

<r  mt  s 

<r 

£ 

Mf 

<r 

£ 

<r 

<3* 

£ 

3  g 

on 

aCD 

°o 

ss 

o 

oV 

V — 1 

o 

av 

cv 

•h  a) 

p3  jj 

M 

u 

a 

cd  cd 

< 

— H 

w 

►H  3 

L 

21 


Values  represent  start  of  micromechanical  damage  as  observed  on  stress-strain  curve;  however,  the 
slope  doesn't  change  above  this  point  so  it's  not  a  proportional  limit. 


TABLE  8.  EFFECT  OF  FIBER  VOLUME  PERCENTAGE  (FVP) 

ON  THE  MECHANICAL  PROPERTIES  OF  TEST  LAMINATES 
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A  porosity  level  of  1.49%  (chemical  analysis)  has  insignificant  effects 
on  the  tensile  strength  and  modulus  of  [+45]^  specimens. 

A  porosity  level  of  1.61%  (chemical  analysis)  has  negligible  effects 
on  the  tensile  strength  of  [(+45) 5/016/90^]  specimens,  but  a  11%  drop  in 

the  modulus  of  elasticity  is  noted.  Transverse  tensile  tests  on  laminate 
C  specimens,  though,  indiaated  a  9%  loss  in  the  strength,  an  8%  loss  in  the 
modulus  of  elasticity,  and  a  29%  loss  in  the  proportional  limit  stress  value. 
The  measurable  losses  in  the  transverse  tensile  tests  are  believed  to  be 
due  to  the  large  fraction  '-of  90°  fiber  orientation  under  this  loading 
situation. 

The  tensile  strength  and  modulus  of  non-porous  laminate  D  specimens 
suffered  17%  and  8%  losses,  respectively,  in  comparison  to  non-porous 
laminate  C  specimens.  The  losses  are  attributed  to  the  presence  of  imbedded 
delaminations  in  laminate  D  specimens. 

2.6  DETAILS  PERTAINING.  TO  PROGRAM  TEST  MATRIX 

After  the  completion  of  material  evaluation,  porosity  investigation, 
fabrication  and  inspection  of  program  laminates,  and  quality  control  tests, 
the  program  test  matrix  presented  in  Table  1  was  executed.  A  summary  of 
the  tests  is  outlined  in  sub-section  2.1.  The  various  test  variables  are 
discussed  below. 

2.6.1  Test  Fixtures  and  Test  Specimens 

Static  compression  tests  on  M24T  sPecimens  were  conducted  in  a  Celanese 

test  fixture  (see  Appendix  B) .  The  specimens  were  5.5  in.  long,  0.25  in, 
wide,  and  had  a  test  length  between  tabs  of  0.5  in.  Static  compression 
tests  on  [*>],„  specimens  and  specimens  from  laminates  B,  C  and  D  were 
conducted  in  an  ETL  test  fixture  (see  Appendix  B)  .  These  specimens  were 
3  in.  long  and  2  in,  wide*  and  were  supported  laterally  by  the  test 
fixture  for  stability  under  compressive  loading.  All  the  compression  fatigue 
tests  were  conducted  at  RfIO  and  cu  ^  10  Hertz  in  an  Atmur  test  fixture 
(see  Appendix  B)  .  Fatigue  test  specimens  were  8  in.  long*  2  in.  wide, 
and  had  a  3.5  in.  long  test  section  between  tabs  that  was  laterally 
supported  during  fatigue  (see  Figure  6). 
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It  must  be  noted  that  the  platen  side  supports  used  in  the  ETL  and 
Atmur  test  fixtures  have  a  retarding  effect  on  the  growth  of  delaminations, 
if  any.  This  is  especially  important  in  the  interpretation  of  results 
corresponding  to  laminate  D  specimens.  But,  since  the  imbedded  delaminations 
in  laminate  D  specimens  are  at  the  midplane  between  plies  15  and  16,  the  out- 
of -plane  deflection  associated  with  the  post-buckling  deformation  in 
these  specimens  is  expected  to  be  very  small  (see  Ref.  5).  In  Reference 
1,  the  lateral  constraint  effect  on  the  static  compression  data  on  [+45]^ 

laminates  is  discussed.  Nevertheless,  the  ETL  and  Atmur  test  methods  are 
employed  in  this  program  to  be  consistent  with  the  methods  used  in  References 
1  and  3,  which  provide  the  data  base  for  quantifying  the  effects  of  porosity 
and  delaminations. 

2.6.2  Static  and  Fatigue  Test  Procedures 

Static  and  residual  strength  tests  were  conducted  at  a  loading  rate  of 
10,000  lbs /min .  Back-to-back  strain  gages  (350  ohm  resistance  type), 
wtih  a  biaxial  gage  on  one  surface,  were  used  to  monitor  strain  data. 

Constant  amplitude, compression-compression  fatigue  tests  were  conducted 
at  R=10  and  oo  «  10  Hertz.  R  is  the  algebraic  ratio  of  the  minimum  cyclic 
load  to  the  maximum  cyclic  load.  All  the  fatigue  test  specimens  were  loaded 
statically  at  the  initiation  of  the  test  to  set  the  load  amplitude  corres¬ 
ponding  to  a  desired  strain  level.  Back-to-back  axial  strain  gages  were 
bonded  to  the  specimens  for  this  purpose.  If  the  specimens  survived  1.25x 
10^  cycles  of  the  Imposed  fatigue  loading  without  failure  (referred  to  as 
run-out)  they  were  subsequently  subjected  to  residual  static  compression 
strength  tests.  The  ratio  of  the  minimum  cyclic  strain  value  to  the  static 
failure  strain  value  (S)  was  varied  to  induce  fatigue  failures  at  cycles 
(Nf)  ranging  from  a  few  thousands  to  below  1.25x10^  cycles.  Threshold 
strain  levels  -  the  maximum  absolute  cyclic  strain  values  at  which  fatigue 
failures  are  not  induced  for  1.25x10  cycles  were  established  from  the 

resulting  test  data. 

2.6.3  Moisture  Conditioning  For  RTW  and  218FW  Tests 

In  an  attempt  to  achieve  a  moisture  content  of  1%  by  weight  in  some  of 
the  test  specimens  (see  Table  1)  the  exposures  used  in  the  previous  studies 
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(Refs.  1  and  3)  were  adopted.  The  24-ply  specimens  (laminates  A  and  B) 
were  thus  exposed  for  40  days  to  a  170F,  95%  RH  environment,  followed  by 
24  days  of  exposure  to  a  170F,  80%  RH  environment.  The  30-ply  specimens 
(laminate  C)  were  exposed  for  63  days  to  a  170F,  95%  RH  environment,  followed 
by  36  days  of  exposure  to  a  170F,  80%  RH  environment.  The  results  are  listed 
along  with  the  mechanical  properties  in  Section  3.  It  is  noted  here  that 
the  absorbed  moisture  contents  were  0  J5,  0.54  and  0.70%  for  laminates  A, 

B  and  C  -  considerably  lower  than  the  desired  1%  value.  An  explanation 
for  this  result  is  based  on  an  observation  made  during  the  RTD  test  phase 
of  the  program  on  some  moisture  control  specimens.  Monitoring  of  the 
traveler  control  specimens,  from  fabrication  until  the  RTD  tests  were 
completed,  revealed  a  Q.11%  moisture  gain  in  the  non-porous  delaminated 
laminate  D  specimens,  a  0.25%  to  0.28%  moisture  gain  in  specimens  from  the 
porous  laminates  A  and  B,  and  a  0.35%  moisture  gain  the  porous  laminate 
C  specimens.  Moisture  absorbed  from  in  situ  laboratory  conditions  (RTD) 
increases  in  quantity  when  microvoids  (porosity)  are  present  in  the  speci¬ 
mens.  Likewise,  the  presence  of  porosity  may  also  dry  out  the  moisture 
faster  when  secondary  conditioning  (at  170°F  and  80%  RH)  is  imposed  on  the 
specimens.  This  is  believed  to  be  the  reason  for  moisture  contents  much  lower 
than  the  desired  1%  value  in  the  program  laminates  Csee  Table  11,  Section  3). 

2.6.4  Test  Data  Evaluation 

Data  generated  from  the  static  compression  tests  of  Table  1  were 
compared  with  the  data  from  References  1  and  3  to  quantify  the  effects 
of  induced  defects  (porosity  and  delamination) .  Fiber  volume  differences 
between  laminates  were  accounted  for,  per  Table  8,  prior  to  making 
comparisons.  Results  are  presented  in  section  3  in  the  form  of  per¬ 
centages  of  the  mechanical  properties  of  defect-free  laminates  retained  by 
defective  laminates  (with  porosity  or  imbedded  delaminations) .  Compression 
fatigue  test  results  were  cast  in  the  form  of  modified  S-N  curves,  incorporating 
residual  strength  data,  if  any.  From  the  modified  S-N  curves,  threshold 
strain  levels  for  defective  laminates  were  obtained,  and  these  values 
were  compared  with  corresponding  values  for  defect-free  laminates  (Ref.  .1) 
to  quantify  the  effects  of  porosity  and  delamination  on  the  compression 
fatigue  behavior  of  the  test  laminates.  Failed  specimens  were  also  observed 
for  failure  surfaces,  and  analyzed,  to  predict  failure  histories. 
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SECTION  3 


DISCUSSION  OF  RESULTS 

3.1  STATIC  COMPRESSION  TEST  RESULTS 

Results  from  static  compression  tests  on  laminates  A,  B,  C  and  D,  under 
RTD  conditions,  are  presented  in  Table  10.  Similar  results  on  laminates 
A  and  B  under  RTW  conditons,  and  on  laminate  C  under  RTW  and  218FW  conditions, 

are  presented  in  Table  11.  A  comparison  of  these  results  with  the 
data  generated  in  References  1  and  3  for  defect-free  laminates  of  the 
same  configurations  is  presented  in  Table  12.  Compared  mechanical  pro¬ 
perties  include  the  stresses  and  strains  at  the  proportional  limit  and 
at  failure,  Poisson's  ratio,  and  the  longitudinal  modulus  of  elasticity. 

All  the  mechanical  properties  were  corrected  for  fiber  volume  differences 
between  compared  laminates,  per  Table  8,  before  the  results  in  Table  12 
were  computed.  It  is  important  to  note  that  the  gross  failure  modes  in 
the  defective  laminates  (see  Appendix  C)  were  observed  to  be  the  same  as 
those  seen  in  the  defect-free  laminates  of  References  1  and  3.  Differences 
in  the  failure  surfaces  at  the  micromechanical  level  will  be  discussed  in 
Section  4.  The  choice  of  the  same  material,  laminate  configurations,  test 
methods  and  test  environment,  coupled  with  the  observation  of  similar 
gross  failure  modes,  justifies  the  interpretation  of  the  results  in  Table 
12  as  being  representative  of  the  quantitative  effects  of  induced  defects 
(porosity  and  delamination)  on  the  static  compression  properties  of  test 
laminates.  A  reduction  in  a  defect-free  laminate  property  of  10%  or  over 
is  considered  significant  in  making  the  following  observations. 

The  effect  of  a  uniform  porosity  of  2.12%  by  chemical  analysis,  or 
3.06%  by  SEM  image  analysis,  on  the  static  compression  properties  of  [o] 24x 

specimens  is  considered  first.  Under  RTD  conditions,  a  38.5%  reduction 
in  the  ultimate  strength  and  a  48.7%  reduction  in  the  failure  strain 
were  recorded.  Poisson's  ratio  and  modulus  suffered  insignificant  losses. 
Similar  results  were  realized  under  RTW  conditions,  with  nearly  identical 
reductipns  in  the  compressive  strength  (38%)  and  the  failure  strain  (48%)  . 
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TABLE  10.  STATIC  COMPRESSION  PROPERTIES  OF  LAMINATES  A,  B,  C  AND  D  UNDER  RtD  CONDITIONS 
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Note:  The  upper  value  is  the  measured  strength,  and  the  lower  value  is  the  modified  strength  (see  text  for  explanation). 
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TABLE  12.  COMPARISON  OF  STATIC  COMPRESSION  DATA  ON  DEFECTIVE  AND  DEFECT-FREE  LAMINATES 
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Wet  specimens  contained  approximately  1%  of  moisture  by  weight 
RTD-room  temperature  dry;  RTW-room  temperature  wet;  218FW-218F  wet. 


The  effect  of  the  same  amount  of  porosity  (2.12%  by  chemical  analysis 
or  3.06%  by  SEM  image  analysis)  on  [^o]^  compression  properties  is  consid¬ 
ered  next.  Under  RTD  conditions*  significant  losses  in  the  ultimate  strength 
(36.8%),  failure  strain  (35.4%),  proportional  limit  stress  (38.6%)  and  strain 
(27.6%),  Poisson's  ratio  (20.8%)  and  modulus  of  elasticity  (11.4%)  were  recorded. 
Comparable  reductions  in  the  ultimate  strength  (28.2%),  failure  strain  (42%), 
and  proportional  limit  stress  (37.6%)  and  strain  (28.2%)  were  recorded  under 
RTW  conditions,  too.  But  the  Poisson’s  ratio  and  modulus  of  elasticity  increased 
in  value  somewhat,  probably  within  the  range  of  experimental  variation. 

The  effect  of  a  uniform  porosity  of  1.49%  by  chemical  anlaysis,  or 
2.31%  by  SEM  image  analysis,  on  the  compression  properties  of  [+45]6g 

specimens  is  also  quantified  in  Table  12.  The  stress-strain  behavior  of 
these  specimens  is  highly  nonlinear  (see  Ref.  1),  and  their  failure 
strain  values  are  very  high  (see  Tables  10  and  11) .  The  platen  side  supports 
in  the  ETL  test  fixture  also  constrain  the  specimens  in  a  beneficial  manner 
when  the  applied  strain  is  large,  resulting  in  high  ultimate  strength 
values  (see  Ref.  1).  The  introduction  of  the  added  platen  constraint  is 
identified  in  the  nonlinear  stress-strain  curves  by  locating  the  strain 
level  at  which  the  apparent  modulus  suddenly  starts  to  increase.  And,  a 
more  realistic  strength  value  is  obtained  by  assuming  the  modulus  at  the 
inflection  point  to  remain  unchanged  to  the  failure  strain  value  (see  Ref.  1). 

The  measured  and  the  modified  strength  values  are  listed  in  Tables  10 
and  11.  A  comparison  between  defective  and  defect-free  strengths  is  based 
on  the  more  realistic  modified  strength  values  rather  than  the  measured 
strengths.  Under  RTD  conditions,  the  porous  [+45]  specimens  exhibited 

significant  losses  in  the  ultimate  strength  (13.9%)  and  failure  strain 
(22.4%)  values  (Table  12).  Other  properties  were  relatively  unaffected. 

Under  RTW  conditions,  significant  reductions  were  recorded  in  the  ultimate 
strength  (16.6%),  failure  strain  (30.6%),  and  proportional  limit  stress 
(34.7%)  and  strain  (37.9%)  values. 

Porous  [(+45)^/0^g/90^]c  specimens,  containing  a  uniform  porosity  of 

1.61%  by  chemical  analysis,  or  3.05%  by  image  analysis,  were  also  subjected 
to  static  compression.  Significant  reductions  in  the  ultimate  strength 
(21.4,  19.2  and  23%),  failure  strain  (19.3,  14.4  and  25.9%),  and  proportional 
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limit  stress  (15.9,  45.1  and  36.3%)  and  strain  (13.1,  46.5  and  52.2%)  values 
were  recorded  under  RTD,  RTW  and  218FW  conditions,  respectively.  In  compari¬ 
son  to  RTD  conditions,  lower  reductions  in  the  strength  and  failure  strain 
values  were  recorded  under  RTW  conditions,  and  larger  reductions  under 
218FW  conditions.  But,  the  proportional  limit  stress  and  strain  values 
suffered  large  reductions  under  RTW  conditions,  too.  The  combination  of 
porosity  and  moisture  is  believed  to  be  the  cause  for  large  reductions  in  the 
proportional  limit  stress  and  strain  values.  Insignificant  changes  in  the 
Poisson's  ratio  and  modulus  of  elasticity  were  recorded  under  all  three 
environments,  with  the  exception  of  a  11.2%  reduction  in  the  modulus  under 
RTD  conditions. 

Non-porous,  [(+45) ^/O^g/90^]  c  specimens,  containing  a  1/2  in. -long 

delamination  at  midplane  (between  plies  15  and  16),  exhibited  significant 
reductions  in  the  compression  strength  (15.9%)  and  failure  strain  (16.1%) 
values  under  RTD  conditions.  These  reductions, attributable  solely  to  the 
early  precipitation  of  failure  by  the  catastrophic  growth  of  the  imbedded 
delamination,  may  be  lower  in  magnitude  than  what  would  be  realized  if  the 
platen  constraints  were  removed. 

In  summary,  induced  defects  (porosity  and  delamination)  caused  signifi¬ 
cant  reductions  in  the  static  compressive  strength  and  failure  strain 
values  of  program  test  laminates  under  the  environmental  conditions  (RTD, 

RTW  and  218FW)  considered.  The  combination  of  moisture  and  porosity  induced 
very  significant  reductions  in  the  proportional  limit  stress  and  strain 
values.  Poisson's  ratio  and  modulus  of  elasticity  were  relatively  unaffected 
by  defects  and  environment,  except  in  the  case  of  sPec^jnens  un<iet 

RTD  conditions.  It  must  be  borne  in  mind  that  the  large  strength  reductions 
in  Table  12  are  associated  with  porosity  levels  very  much  in  excess  of 
of  what  is  normally  observed  to  exist  in  production  aircraft  components 
(Ref .  2) . 

3.2  AN  INITIAL  PREDICTION  OF  THE  EFFECT  OF  POROSITY  ON 

THE  STATIC  COMPRESSIVE  STRENGTH 

The  degradation  in  the  static  compressive  strength  of  program  laminates 
with  induced  porosity  level  (Table  12)  is  plotted  in  Figure  7.  Data  corres¬ 
ponding  to  RTD  and  RTW  conditions  seem  to  follow  bilinear  variations  as 
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%  Voids  (Chemical  Analysis) 


Figure  7.  Effect  of  Porosity  Content  on  the  Static  Compressive 
Strength  of  AS/3501—6  Laminates 
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shown  in  the  figure, probably  conservative  in  the  lower  void  content  range. 
Based  on  this  assumption,  the  following  empirical  relationships  are  proposed 
for  AS/3501^6  graphite/epoxy  laminates: 

Under  RTD  Conditions, 


6.56  x  %  Voids 

for 

0  <  %  Voids 

<  1.28 

8.4  +  35.09  x 

%  Voids 

for 

%  Voids 

>  1.28 

Under  RTW  Conditions , 
ult 


%  A  O 


=  4.58  x  %  Voids 


=  3.8  +  18.52  x  %  Voids 


for  0  <%  Voids  <  0.83 
for  %  Voids  >  0.83 


ult 


In  the  above  equations,  %  A O  is  the  percentage  reduction  in  the  static 

compressive  strength  and,  %  Voids  is  the  void  content  percentage  measured 
via  chemical  analysis. 


The  above  empirical  equations  are  independent  of  the  laminate  configura¬ 
tion,  and  assume  bilinearity  inflection  points  that  are  arbitrary  choices. 
Additional  data  in  the  porosity  range  0  <  %  Voids  <  1.4  must  be  generated 
to  establish  the  void  volume  percentage  at  which  an  increase  in  the  strength 
degradation  rate  occurs.  It  is  believed  that  for  void  contents  approxi¬ 
mately  below  1%,  strength  degradation  rates  are  reduced  drastically,  and 
for  void  contents  approximately  below  0.1%,  there  will  be  negligible 
strength  reductions. 

3.3  COMPRESSION  FATIGUE  TEST  RESULTS 

Constant  amplitude,  compression  fatigue  (R=1Q,  co  =1Q  Hertz)  test  results 
were  generated  in  the  form  of  curves  relating  minimum  cyclic  strain  values 
to  the  numbers  of  cycles  to  failure.  These  results  are  presented  in  Figures 
8  to  14,  and  are  slight  modifications  of  S-N  curves.  The  normalization 
of  the  minimum  cyclic  strain  value  with  respect  to  the  static  failure  strain 
value,  to  yield  an  S  value,  is  not  adopted  in  the  presented  figures.  Along¬ 
side  each  modified  S^N  curve  for  a  defective  laminate,  the  threshold  strain 
level  for  an  identical  defect^free  laminate  (from  Ref.  1)  is  also  marked. 
Threshold  strain  level  is  defined  here  as  the  absolute  maximum  cyclic  strain 
amplitude  at  which  the  specimen  will  suffer  no  failure  for  1.25  x  10^  cycles. 
It  is  the  asymptotic  strain  value  corresponding  to  1.25  x  10^  cycles  in  the 
modified  S-N  curve. 
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Figure  8.  Compression  Fatigue  Test  Results  on  [°J24x  as/3501-6  Specimens,  With 
2,12%  Voids,  Under  RTW  Conditions. 
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Figure  10.  Compression  Fatigue  Test  Results  on  [+45]^  AS/3501-6  Specimens, 
With  1.49%  Voids,  Under  RTW  Conditions. 
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Figure  14.  Compression  Fatigue  Test  Results  on  [(+45)  0^/90^]  AS/3501-6 

Specimens ,  With  Imbedded  Delaminations  And  No  Voids,  Under  RTD  Conditions 


Compression  fatigue  test  results  on  porous  [°]24T  specimens,  under  RTW 

conditions,  are  presented  in  Figure  8.  A  considerable  amount  of  scatter  is  no¬ 
ticeable  in  the  test  data.  Three  specimens  failed  in  a  static  mode  while  strain 

levels  lower  than  the  static  failure  value  were  being  introduced  to  initiate 
the  fatigue  tests.  One  specimen,  which  ran-out  at  a  strain  amplitude  of 
-4500  /iin/in,  exhibited  a  very  high  static  failure  strain  value  during  resi¬ 
dual  strength  testing.  Variations  in  the  porosity  levels  with  the  planform 
locations  in  laminate  A,  however  small,  are  believed  to  be  the  predominant 
cause  for  this  scatter.  In  comparison  with  the  results  for  nonporous 
[0]24t  laminates  (from  Ref.  1),  a  40%  reduction  in  the  threshold  strain 
level  was  induced  by  2.12%  of  porosity  (by  chemical  analysis). 

Compression  fatigue  tests  on  porous  [90]  24t  specimens,  under  RTW 

conditions,  yielded  the  results  presented  in  Figure  9.  The  scatter  in  the 
data  is  acceptable.  Again,  specimens  that  ran-out  exhibited  failure  strains, 
during  residual  strength  testing,  that  were  in  excess  of  the  static  failure 
value.  Compared  to  the  results  in  Reference  l,for  defect-free  [90]24t 

specimens,  a  28.9%  reduction  in  the  threshold  strain  level  was  induced 
by  2.12%  voids  (by  chemical  analysis). 

RTW  compression  fatigue  test  results  on  porous  [+4 5] g  specimens  are 

presented  in  Figure  10.  Minimal  scatter  is  observed  in  the  test  data. 

Compared  to  the  defect-free  specimen  test  results  (Ref.  1),  a  33.3%  reduc¬ 
tion  in  the  threshold  strain  level  was  induced  by  1.49%  voids  (by  chemical 
analysis) . 

Compression  fatigue  test  results  on  porous  laminate  C  specimens,  under 
RTD,  RTW  and  218FW  conditions,  are  presented  in  Figures  11,  12  and  13,  respe- 
tively.  One  RTD  specimen  failed  during  load  introduction,  at  the  initiation 
of  the  fatigue  test  (Fig.  11).  An  RTW  specimen  that  ran-out  at  a  strain 
amplitude  of  -8250  p in/in,  yielded  a  failure  strain  value,  during  residual 
strength  testing,  that  was  considerably  larger  than  the  mean  static  failure 
strain  level.  Three  218FW  specimens  ran-out  at  strain  amplitudes  of  -5000, 
-5500  and  -5625  pin/in,  and  also  exhibited  failure  strains,  during  residual 
strength  testing,  that  were  much  larger  than  the  static  failure  strain 
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value.  Compression  fatigue  test  data  on  defect-free  laminate  C  specimens, 
under  RTD  and  RTW  conditions  are  presented  in  Reference  1.  A  comparison 

of  Figures  11  and  12  with  the  data  in  Reference  1  indicates  reductions 
in  the  threshold  strain  values  of  15.6%  under  RTD  conditions  and  5.8%  under 
RTW  conditions,  due  to  a  porosity  level  of  1.61%  (by  chemical  analysis). 

Reference  data  on  defect-free  laminate  C  specimens  subjected  to  compression 
fatigue  loading  under  218FW  conditions  are  presented  in  Reference  3.  Com¬ 
paring  these  results  with  Figure  13,  a  19.7%  reduction  in  the  threshold 
strain  level  is  measured  under  218FW  conditions. 

RTD  compression  fatigue  test  results  on  nonporous  laminate  D  specimens, 
with  imbedded  0.5  in.  long  delaminations  at  midplane,  are  presented  in 
Figure  14.  Considerable  scatter  in  the  test  data  is  noticeable.  Many 
specimens  survived  a  cyclic  strain  amplitude  in  excess  of  the  static  failure 
value,  for  thousands  of  fatigue  cycles,  without  failure.  A  comparison  with 
compression  fatigue  test  data  on  defect-free  laminate  D  (which  is  the  same 
as  defect-free  laminate  C)  specimens,  from  Reference  1,  indicates  a  negligi¬ 
ble  change  in  the  threshold  strain  level. 

A  summary  of  the  effects  of  induced  porosity  and  delamination  defects 
on  the  compression  fatigue  behavior  of  AS/3501-6  test  laminates,  under 
various  environmental  conditions,  is  presented  in  Table  13.  The  effects 
are  quantified  as  percentage  reductions  in  threshold  strain  levels  due  to 
the  induced  defects.  The  defect  content,  test  environment,  threshold 
strain  levels  for  defect— free  and  defective  comparison  laminates,  and  the 
percentage  reduction  in  the  threshold  strain  for  each  test  case  are  listed 
in  Table  13.  Very  significant  effects  were  realized  in  M24T*  D^24T  anc* 

specimens  under  RTW  conditions,  due  to  induced  porosity.  A  moderate 

effect  was  recorded  during  RTD  tests  on  porous  £(+45)  ]c  specimens, 

a  small  effect  during  RTW  tests,  and  a  considerable  effect  under  218FW 
conditions.  The  threshold  strain  level  values  were  7600,  8100  and  5700 
fjLin/ixi  for  porous  laminate  C  specimens  under  RTD,  RTW  and  218FW  conditions, 
respectively,  while  the  corresponding  values  for  defect-free  laminate  C 
specimens  under  RTD,  RTW  and  218FW  conditions  were  9000,  8600  and  7100,  fj.  in/in, 
respectively.  The  threshold  strain  was  lowered  by  the  presence  of  porosity, 
to  a  large  extent,  under  218FW  conditions.  And,  the  largest  reduction  in  the 
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TABLE  13.  EFFECTS  OF  MATERIALS  AND  PROCESSES  DEFECTS  ON  THE 
COMPRESSION  FATIGUE  BEHAVIOR  OF  PROGRAM  LAMINATES 
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threshold  strain  value  was  also  recorded  under  218FW  conditions  (19.7%). 

The  imbedded  delaminations  in  laminate  D  specimens  had  no  measurable  effect 
on  the  threshold  strain  level.  It  is  believed  that  this  is  possibly  due 
to  the  midplane  location,  and  the  size,  of  the  imbedded  delamination.  A  more 
detailed  study,  like  the  one  in  Reference  5,  will  shed  additional  light  on 
the  effect  of  imbedded  delaminations  on  the  compression  fatigue  behavior 
of  laminate  C. 
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SECTION  4 


PLY  DROP-OFF  ANALYSIS 


4 . 1  SCOPE  OF  WORK 

As  in  the  work  of  the  previous  two  years  [1,3],  emphasis  during  the 
present  third-year  program  has  been  on  the  analysis  of  static  test  data. 

As  stated  in  Reference  [3] ,  a  three-dimensional  approach  is  needed  for 
the  analysis  of  ply  drop-offs  because  of  complex  stress  states  around  the 
drop-off  itself,  and  interlaminar  shear  and  edge  effects  on  the  whole 
laminate.  The  University  of  Wyoming’s  three-dimensional  finite  element 
analysis  program  was  completed  shortly  before  the  second-year  report  was 
published.  This  analysis  tool  was  utilized  in  the  present  report. 

The  plain,  0°  drop-off,  and  45°  drop-off  laminates  tested  by  Northrop 
in  the  previous  year  [3]  were  analysed  under  room-temperature  dry  (RTD) , 
elevated-temperature  wet  (ETW) ,  and  elevated-temperature  dry  (ETD) 
environmental  conditions.  Various  resin  pocket  sizes  for  the  ply  drop-off 
cases  were  considered  as  well.  Although  the  present  analysis  program  has 
a  nonlinear  (plastic)  analysis  capability,  such  an  analysis  was  not 
performed.  Also,  the  assumed  yield  criterion  given  in  Section  4.3  of  this 
report  has  not  been  experimentally  verified  or  disproved  to  date.  Thus, 
the  accuracy  of  analysis  results  based  on  this  criterion  is  not  well 
defined . 

Although  the  3-D  analysis  program  is  a  powerful  tool,  it  is  as  yet 
not  capable  of  performing  crack  propagation  analysis.  Consequently,  the 
results  given  indicate  only  where  first  failure  occurs,  and  not  how  failure 
progresses.  A  three-dimensional  crack  propagation  capability  will  be 
added  in  the  future  to  the  existing  program. 

4.2  PHOTOGRAPHS  OF  PLY  DROP-OFFS 

The  details  of  the  ply  drop-offs  are  presented  in  the  second-year  report 
[3],  but  are  repeated  here  in  Figures  15  and  16  for  clarity.  Regions 
between  dashed  lines  define  where  the  photographs  presented  in  subsequent 
figures  were  taken. 

After  much  experimentation  with  a  variety  of  techniques,  it  was  determined 
that  conventional  low  magnification  photography  through  a  Zeiss  Universal 
microscope,  using  Poloraoid  Type  55  film,  is  the  most  suitable.  A  large 
number  of  photographs  of  failed  specimens  were  taken,  seven  of  which  are 
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shown  in  Figures  17  through  23.  In  all  photographs  the  orientation  of 
the  fibers  in  the  various  plies  is  clearly  seen.  Figures  17,  18  and  19 
indicate  0°  ply  drop-offs.  The  abrupt  end  of  the  fibers  is  apparent, 
as  is  the  distortion  of  the  adjacent  90°  plies  to  fill  the  gaps  created. 

The  spaces  at  the  immediate  end -of  the  terminated  plies  are  resin  pockets, 
not  voids.  As  can  be  seen,  these  resin  pockets  are  not  large.  Figure  19 
shows  the  smallest  resin  pocket.  For  comparison  purposes  in  the  subsequent 
analysis,  however,  the  terms  "small  resin  pocket"  and  "large  resin  pocket" 
will  be  used  to  distinguish  relative  resin  pocket  sizes  for  a  given  drop-off 
case,  and  not  to  indicate  absolute  resin  pocket  sizes. 

Figures  20  and  21  are  photographs  of  the  inside  ply  drop-offs  for  the 
45°  drop-off  case.  These  are  typical  photographs,  the  matrix  pockets 
extending  further  out  than  those  for  the  0°  drop-off  case.  This  is  due 
to  the  fact  that  the  45°  inside  plies  cannot  deform  as  easily  to  fill  the 
gaps  as  can  the  90°  plies  in  the  0  drop-off  case. 

Figures  22  and  23  are  photographs  of  the  outside  ply  drop-offs  for 
the  45°  drop-off  case.  These  show  the  resin  pockets  as  extending  quite 
far  away  from  the  drop-offs.  In  this  case,  0°  plies  border  the  dropped 
ply?  and  since  these  plies  are  most  resistant  to  transverse  deformation, 

long,  tapered  resin  pockets  result. 

The  resin  pocket  geometries  observed  in  these  photographs  were  the 
basis  for  the  sizes  of  those  modeled  in  the  three-dimensional  finite 
element  analysis. 

4.3  THREE-DIMENSIONAL  FINITE  ELEMENT  ANALYSIS  CAPABILITIES 

Descriptions  of  the  capabilities  of  the  University  of  Wyoming's  3-D 
finite  element  program  were  given  in  the  second-year  report  [3] ,  but  are 
repeated  in  part  here  for  clarity.  The  unique  features  of  the  program 
include  a  full  three-dimensional  analysis  for  orthotropic  materials, 
nonlinear  elastoplastic  analysis,  temperature-  and  moisture— dependent 
material  properties,  and  completely  general  mechanical  loadings  combined 
with  arbitrary  thermal  and  moisture  exposure  histories.  Eight-node 
isoparametric  elements  are  used,  and  a  frontal  solution  technique,  rather 
then  a  band  algorithm,  is  used  to  solve  the  stiffness  equations.  A  reduced 
integration  technique  is  utilized  to  minimize  numerical  errors  resulting 
when  elements  are  much  longer  than  they  are  thick,  which  occurs  in  laminate 
analysis  because  ply  thicknesses  are  much  smaller  than  laminate  widths  and 
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Figure  19.  Specimen  B-10-36,  0°  Ply  Drop-off:  Lower  Region 
Shown  (Ply  No.  22  Dropped  Off). 


Figure  23.  Specimen  B-12-26,  +45°  Ply  Drop-offs,  Outside 
-45°  Plies  (Ply  Nos.  12  and  19)  Dropped  Off. 
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lengths.  A  complete  discussion  of  the  above  capabilities  is  given  in 
Reference  [6];  a  brief  summary  will  be  given  here. 

4.3.1  Hygrothermal  Loading  with  Temperature-  and  Moisture-Dependent 
Material  Properties 

A  second-order  polynomial  in  temperature  and  relative  humidity  is 
assumed  for  each  material  property.  Therefore,  a  given  material  property 
P  is  given  in  terms  of  temperature  T  and  relative  humidity  M  as 

P(T,M)  =  C1T2  +  C2M2  +  C3TM  +  C^T  +  C^M  +  (4.1) 

where  the  constants  Ch  through  Ch  are  determined  from  a  least-squares 

1  b 

algorithm  based  on  experimental  data.  The  program  permits  mechanical  and 
hygrothermal  loading  by  increments.  Therefore,  for  each  hygrothermal  load 
increment,  Eq.  (4.1)  permits  the  material  properties  to  change  with  each 
increment.  If  the  load  increments  were  infinitesimal,  the  material 
properties  would  vary  continuously  with  temperature  and  moisture  changes, 
which  happens  in  actuality.  Obviously,  the  computer  program  can  handle 
only  finite  load  increments,  rather  than  infinitesimal  ones.  Thus, 
depending  on  the  size  of  the  finite  element  grid,  the  limits  of  available 
computer  time  and  resource  allocation  define  the  number  of  finite  load 
increments  allowed.  Clearly  however,  greater  accuracy  is  obtained  when 
several  load  increments  are  used  to  bring  a  material  from  one  environmental 
state  to  another,  and  the  material  properties  are  allowed  to  change  with 
each  increment,  than  when  a  single  load  increment  is  used  to  bring  about  the 
change,  and  the  material  properties  are  not  allowed  to  vary.  The  present 
program  is  one  of  the  few  available  to  date  that  permits  such  material 
property  variations  with  temperature  and  moisture. 

A  total  of  29  material  properties  are  required  as  input  to  the  program, 
and  are  input  as  the  six  constants  C^,  in  Eq.  (4.1).  Table  14  lists  the 
material  properties  required,  where  subscript  1  denotes  properties  in  the 
direction  of  the  fibers,  subscript  2  denotes  properties  transverse  to  the 
fibers  and  in  the  plane  of  the  ply,  and  subscript  3  denotes  properties 
transverse  to  the  fibers  and  normal  to  the  ply.  Typically,  material 
properties  in  the  2  and  3  directions  are  assumed  to  be  equal,  and  are  entered 
as  such,  but  this  need  not  be  the  case;  the  present  program  permits  modeling 
of  a  fully  orthotropic  material. 
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The  program  permits  the  use  of  up  to  five  different  materials  in  a 
given  analysis;  29  material  properties  must  be  defined  for  each  material. 

The  first  27  material  properties  of  Table  14  are  self-explanatory. 

The  remaining  two,  Oq  and  n,  are  plasticity  parameters,  as  discussed  in 
the  next  section. 

4.3.2  Yield,  Plastic  Flow,  and  Failure  Criteria 

As  mentioned  in  the  second-year  report  [3],  the  basic  limitation  of 
all  yield  criteria  is  the  lack  of  experimental  evidence  to  verify  them, 
especially  when  complex  stress  states  are  involved.  For  lack  of  a  better 
definition  of  material  response,  the  following  yield  criterion  due  to 
Hill  [7]  is  assumed: 

F(a2-a3)2  +  G(o1-a3)2  +  HCa^)2  +  2Lt23  +  2Mt23  +  2Nx22  =  1  (4.2) 


where  F  through  N  are  constants.  This  criterion  1)  does  not  recognize  a 
Bauschinger  effect  because  there  are  no  linear  normal  stress  terms,  2)  does 
not  recognize  hydrostatic  stress  because  only  differences  of  normal  stresses 
occur,  and  3)  reduces  to  the  von  Mises  distortional  energy  criterion  when 
applied  to  an  isotropic  material. 

The  stresses  in  the  above  equation  must  be  those  in  the  principal 
directions  of  orthotropy  of  the  material.  If  they  are  not,  as  in  the  case 
where  a  ply  is  rotated  off-axis  from  the  global  coordinate  system,  such  as 
a  45°  ply  in  the  present  study,  they  must  be  transformed  to  the  principal 
directions  of  orthotropy  before  Eq.(4.2)  can  be  invoked. 

The  constants  in  this  equation  can  be  determined  from  the  independent 
application  of  individual  uniaxial  normal  and  shear  stresses  on  the  material, 
and  noting  that  the  yield  condition  is  met  when  yielding  occurs  for  the 
particular  stress  acting  by  itself.  After  some  algebra,  the  following 
equations  result: 
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Since  the  individual  yield  stresses  are  temperature-  and  moisture-dependent, 
so  are  the  constants  in  the  yield  criterion. 

A  single  stress,  called  the  equivalent  or  effective  stress,  is  defined 
to  account  for  all  six  stress  components  (acting  in  the  principal  directions 
of  orthotropy)  and  is  given  by 


°eff  ‘  {fe]}VW +  G(0r°3)2  +  H(0r°2>2  +  2LT23 


(4.4) 


+  “4  +  2m212]i 


Thus,  a  material  has  yielded  when 
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(4.5) 


This  effective  stress  is  analogous  to  octahedral  stress  for  isotropic 
materials.  A  relationship  between  effective  stress  and  effective  strain 
is  needed  to  define  a  complete  stress-strain  curve  for  a  complex  stress 
state.  The  Richard-Blacklock  equation  given  in  the  second-year  report  [3], 
and  in  Reference  [6],  is  well— suited  as  a  fit  to  uniaxial  stress— strain 
curves  for  composites,  and  is  given  by 

a  =  Ee/[1  +  I  Ee/aQ  |  n]l/n'  (4.6) 

where  a  ,  n  and  E  are  curve-fit  parameters,  E  being  the  initial  slope  of 
o 

the  curve.  Since  an  effective  stress-effective  strain  curve  has  a  shape 
similar  to  a  uniaxial  stress-strain  curve,  an  equation  similar  to  Eq.  (4.6) 
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can  be  assumed  for  the  effective  stress-effective  strain  relation,  where 

E,  a  and  n  are  the  parameters.  The  relationships  between  the 
o 

effective  parameters  and  the  uniaxial  parameters  are  as  follows : 


E  =  E 
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n  =  n 


Thus,  the  only  plasticity  parameters  needed  to  define  the  effective  stress- 
effective  strain  relation  in  the  nonlinear  (plastic)  range  are  ao  and  n, 
as  best-fit  to  a  uniaxial  stress-strain  curve  for  the  composite.  These 
are  the  remaining  two  temperature-  and  moisture-dependent  material  properties 
needed  as  input  to  the  finite  element  program. 

The  details  of  how  the  plastic,  instantaneous  stiffness  matrix  is 
formed  are  given  fully  in  Reference  [6],  and  more  briefly  in  the  second-year 
report  [3] . 

The  assumption  of  isotropic  hardening  given  in  Reference  [6]  implies 
that  the  failure  envelope  of  a  composite  will  take  the  same  form  as  Eq.  (4.2), 
except  that  ultimate  strengths  replace  yield  strengths  in  determining  the 
constants  F  through  N.  This  failure  criterion  is  used  in  the  present 
program,  for  lack  of  a  better  one,  yet  it  may  not  always  be  valid.  Data 
taken  from  ultimate  strength  tests  of  [+  45]  laminates  do  not  validate  the 
predicted  strengths  of  such  laminates  when  a  Hill  failure  envelope  is 
assumed.  Nevertheless,  this  failure  criterion  was  used  in  the  present  study, 
along  with  a  maximum  normal  stress  criterion,  and  the  results  compared  for 
each  case.  Perhaps  in  future  work,  a  more  suitable  failure  criterion  will 
be  found. 

4.4  FINITE  ELEMENT  ANALYSIS  OF  PLY  DROP-OFFS 

Preliminary  results  indicated  that  stress  disturbances  near  the  ply 
drop-offs  die  out  at  very  short  distances  from  the  drop-offs.  Therefore, 
to  concentrate  on  the  drop-off  areas  themselves,  small  regions,  roughly 
of  the  same  areas  shown  in  the  photographs  of  Section  4.2  of  this  report, 
were  modeled.  For  the  45°  drop-off  area,  only  the  inside  ply  drop-offs 
were  modeled. 
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The  laminate  lay-ups  tested  by  Northrop  in  the  second-year  study  [3], 
and  shown  again  here  in  Figures  15  and  16,  would  be  symmetrical  about  the 
centerline  if  the  45°  plies  bordering  the  centerline  were  of  the  same  sign. 
Since  all  other  plies  are  symmetrical  about  the  centerline,  complete 
symmetry  was  assumed.  The  assumption  of  symmetry  about  the  centerline 
implies  that  under  symmetrical  loading,  such  as  occurs  in  the  uniaxial 
compression  loading  studied  here,  the  stress  response  at  any  point  in  the 
upper  section  is  identical  to  that  of  the  corresponding  point  in  the  lower 
section.  Therefore,  only  one  section  need  be  modeled.  The  upper  section 
was  modeled,  and  the  bottom  +45°  ply  in  that  section  was  changed  to  a  -45° 
ply,  to  invoke  the  symmetry  condition  needed.  The  results  shown  in 
subsequent  sections  of  this  report  indicate  that  no  element  in  this  bottom 
ply  was  critical;  therefore,  the  change  in  its  orientation  was  assumed 

not  to  be  critical  either . 

Figure  24  shows  the  gross  finite  element  grid  used  to  model  the  ply 
drop-offs.  Three  layers  of  elements  in  the  specimen  width  direction 
were  utilized,  starting  from  the  edge  of  the  laminate,  since  this  is  where 
the  most  severe  stress  state  occurs,  due  to  free-edge  stress  effects. 

Since  the  laminate  is  much  wider  than  it  is  thick,  the  assumption  of  plane 
strain  in  the  plane  of  the  laminate  (i.e.  ,  the  x-y  plane)  is  valid  except 
near  the  edge.  Therefore,  the  inside  face  of  Layer  1  was  modeled  as  not 
warping  in  the  y-direction.  The  face  x=0  was  constrained  from  warping 
in  the  x-direction  because  preliminary  results  showed  that  the  effect  of 
the  ply  drop-off  did  not  influence  stresses  significantly  this  far  back 
from  the  drop-off.  Finally,  the  z=0  face  was  constrained  from  warping 
in  the  z-direction  because  of  the  condition  of  laminate  symmetry  above  and 
below  the  x-y  plane. 

Dimension  D3  in  Figure  24  is  representative  of  half  the  thickness  of 
the  laminates  shown  in  Figures  15  and  16.  Dimension  D4  reflects  the  reduced 
thickness  due  to  the  drop-offs,  yet  does  not  account  for  reduction  in 
thickness  of  a  full  ply  because  the  photographs  indicated  that  surrounding 
plies  after  the  drop-off  swelled  somewhat,  thus  reducing  the  discrepancy 
of  thicknesses  due  to  the  drop-offs.  Dimension  D1  was  found  to  be  the 
smallest  one  for  which  ply  drop-offs  did  not  influence  stresses  significantly 
on  the  x=0  face.  Dimension  D2  was  chosen  as  convenient  for  the  analysis. 

In  all  cases,  laminates  were  loaded  by  a  uniform  negative  (compressive) 
displacement  in  the  x-direction,  as  shown  in  Figure  24. 
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Figure  .24.  Section  of  Laminate  Modeled  D, =0.0880 


4.4.1  Finite  Element  Grids 

All  three  layers  of  Figure  24  have  the  same  element  grids  in  the  x— z 
plane,  and  are,  of  course,  one  element  thick.  Three  different  grids  were 
chosen,  one  each  for  the  plain  laminate,  0°  drop-off  laminate,  and  45 
drop-off  laminate.  These  grids  are  shown  in  Figures  25,  26  and  27, 
respectively.  All  of  the  grids  are  coarse  around  the  edges,  and  more 
refined  near  the  drop-off,  for  obvious  reasons.  The  grid  for  the  plain 
laminate  was  chosen  to  be  nearly  the  same  as  for  the  0°  drop-off  laminate, 
for  comparison  purposes. 

Different  resin  pocket  sizes  were  noted  in  the  photographs,  and 
modeled  accordingly.  The  lightly  shaded  area  of  Figure  26  denotes  a  small 
resin  pocket  shown  in  the  photographs  for  the  0°  ply  drop-off  case  (see, 
for  example.  Figure  19).  The  lightly  and  darkly  shaded  regions  combined 
denote  a  large  resin  pocket.  The  lightly  and  darkly  shaded  regions  of 
Figure  27  denote  resin  pocket  sizes  for  the  45°  drop-off  case.  As  mentioned 
previously,  the  terms  "small"  and  "large"  resin  pocket  sizes  denote  a 
comparison  of  resin  pocket  sizes  for  a  given  drop-off  case,  not  between 
cases,  as  the  resin  pocket  for  the  45°  drop-offs  were  always  larger  than 
those  for  the  0°  drop-offs. 

Since  the  program  utilizes  linear  isoparametric  elements,  the  refining 
of  the  mesh  near  the  drop-off  requires  that  elements  in  the  transition  region 
be  highly  skewed,  as  shown  in  the  figures.  However,  the  reduced  integration 
method  utilized  in  the  computer  program  prevents  significant  numerical  errors 
from  occurring  as  a  result  of  highly  skewed  elements. 

4.4.2  Material  Properties 

Material  properties  needed  are  for  the  AS/3501-6  graphite/epoxy  composite, 
and  for  the  3501-6  epoxy  matrix  itself.  As  indicated  in  Section  4.3.1,  29 
material  properties  are  needed  for  each  material,  to  make  use  of  all  features 
of  the  finite  element  program.  These  properties  are  not  all  easily  obtained 
experimentally,  and  indeed  some  of  them  have  been  estimated,  based  on 
elasticity  theory,  since  available  experimental  results  differ,  depending 
on  what  test  method  was  used. 

The  values  given  in  Tables  15  and  16  were  taken  from  a  variety  of  sources, 
including  University  of  Wyoming  and  Northrop  Corporation  data.  Where 
disparities  arose,  elasticity  theory  was  invoked  to  provide  certain 
values.  All  values  shown  are  tensile  rather  than  compressive  properties,  as 
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Figure  26.  Finite  Element  Grid  For  The  0°  Drop-off  Case. 
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TABLE  15.  PROPERTIES  OF  HERCULES  AS/3501-6  UNIDIRECTIONAL  GRAPHITE/ EPOXY  COMPOSITE 
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(MPa)  -9.130x10  ;  -8.208x10 


TABLE  16.  PROPERTIES  OF  HERCULES  3501-6  EPOXY  MATRIX 
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these  were  the  most  broadly  defined  properties  available.  Plasticity 
parameters  a  and  n  were  not  needed  since  a  plastic  analysis  was  not 

performed,  as  discussed  in  Section  4.1. 

Since  material  properties  are  a  function  of  temperature  and  moisture, 
they  are  defined  by  Eq.  (4.1)  of  Section  4.1.  Thus,  the  six  constants  of 
this  equation  are  needed  to  define  a  material  property  under  a  given 
environmental  condition.  The  values  given  are  for  temperature  given  in 
degrees  centigrade,  and  moisture  given  in  terms  of  the  corresponding 
relative  humidity. 

4.4.3  Method  of  Presentation 

Although  the  only  loading  on  a  laminate  was  a  negative  (compressive) 
normal  stress  via  a  uniform  compressive  displacement,  the  stress  response 
of  each  element  in  the  laminate  was  complex,  involving  many  stress 
components.  It  is  logical  to  relate  each  of  these  stress  components  to 
the  ultimate  values  given  in  the  material  properties  section.  To 
accomplish  this,  an  arbitrary  compressive  displacement  was  placed  on  the 
laminate,  and  the  stress  components  for  each  element  were  then  divided 
by  their  respective  ultimate  values.  The  resulting  values  were  very 
small,  as  a  small  arbitrary  displacement  was  employed  to  produce  them. 

The  largest  of  all  these  normalized  values  in  all  three  layers  and  for 
all  six  stresses  was  then  found.  Then  the  actual  displacement  required 
to  bring  this  largest  normalized  stress  value  up  to  1.00  was  determined, 
i.e.,  the  displacement  (or  corresponding  average  applied  stress)  required 

to  bring  this  critical  element  to  failure. 

It  was  discovered  that  finding  this  displacement  when  the  material 
was  allowed  to  deform  plastically  before  failing  would  be  a  very  tedious 
process,  involving  much  computer  time  and  resources.  Therefore,  in  order 
to  provide  results  for  various  resin  pocket  sizes  and  hygrothermal 
preconditionings,  it  was  decided  that  the  simplifying  assumption  of  linear 
elasticity  to  failure  should  be  employed.  Under  this  assumption,  all 
displacements  required  to  produce  first  element  failure  were  easily  found 
by  direct  proportionality  in  the  case  of  no  preconditioning,  and  by 
linear  proportionality  in  the  case  of  preconditioning. 

From  these  displacements,  corresponding  average  applied  stresses  were 
computed.  Results  due  to  these  average  applied  stresses  are  presented  m 
the  form  of  the  element  grids  presented  in  Section  4.4.1.  For  each  grid 
shown,  the  layer  number  and  particular  stress  as  well  as  the  resin  pocket 
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size  is  denoted.  The  resin  pocket  itself  is  outlined.  A  number  appears 
in  the  center  of  each  element,  representing  the  relative  size  of  its 
actual  stress  to  its  corresponding  failure  stress.  The  element  possessing 
a  1.00  value  is  the  critical  element,  and  is  the  first  to  fail.  Unless 
two  or  more  elements  become  critical  simultaneously,  only  one  plot  out 
of  18  (three  layers  times  six  stresses)  will  possess  a  critical  element. 

Certainly  not  all  18  grids  are  important,  so  not  all  are  presented 
here.  However  one  additional  stress,  the  effective  stress,  is  presented 
because  it  represents  as  a  single  value  the  combined  effect  of  all  six 
stress  components.  The  value  of  this  effective  stress  is  calculated 
from  Eqs .  (4.4)  and  (4.3)  of  Section  4.3.2,  except  that  the  ultimate 
strength  quantities  replace  the  yield  strengths.  The  normalization  value 
for  effective  stress  is  given  by  Eq.  (4.5)  where  again,  ultimate  strength 
quantities  replace  yield  strengths. 

It  was  found  that  in  some  cases  effective  stress  was  critical,  while 
in  others,  one  of  the  six  stress  components  (which  always  was,  not 
surprisingly,  the  normal  stress  in  the  x-direction)  was  critical.  For 
this  reason,  it  seemed  reasonable  to  treat  effective  stress  as  a  separate 
quantity,  and  to  calculate  a  separate  average  applied  stress  required  to 
produce  a  first-critical  element  for  effective  stress.  Therefore,  two 
failure  criteria  were  considered,  viz,  effective  stress,  and  maximum 
normal  stress.  Neither  always  controlled,  indicating  that  a  better 
failure  criterion  is  needed,  which  must  be  verified  experimentally. 

As  a  verification  of  the  accuracy  of  the  effective  stress  failure 
criterion,  experimental  data  for  the  ultimate  strength  in  uniaxial  tension 
for  45°  plies  were  employed.  If  the  effective  stress  failure  criterion  is 
valid,  then  all  that  would  be  needed  would  be  to  transform  the  uniaxial 
stress  to  the  principal  directions  of  orthotropy  of  the  ply,  and  use  these 
values  to  compute  the  effective  stress  at  failure.  This  was  done,  and 
predicted  versus  actual  results  differed  considerably.  Aside  from  the 
question  of  the  validity  of  the  effective  stress  criterion,  the  question 
arose  as  . to  what  stresses  to  use  as  ultimate  values  to  normalize  the 
stresses  in  45°  plies.  In  view  of  some  experimental  tensile  data  for  45° 
plies,  it  was  decided  to  use  these  values,  and  to  use  stress  transformations 
to  compute  values  not  available,  rather  than  use  the  effective  stress 
criterion  to  predict  them.  These  values  are  given  in  Table  17. 
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Three  environmental  conditions  were  considered,  viz,  room  temperature, 
dry  (RTD) ,  elevated  temperature,  wet  (ETW) ,  and  elevated  temperature,  dry 
(ETD) ,  corresponding  to  the  conditions  under  which  specimens  were  tested 
by  Northrop  in  the  second-year  study  [3].  The  elevated  temperature  was 
218°F  and  the  wet  condition  was  1%  moisture. 

4.4.4  Room  Temperature,  Dry  (RTD)  Results 

Results  for  the  no  drop-off,  0°  drop-off,  and  45°  drop-off  cases  are 
presented,  with  the  resin  pocket  being  both  large  and  small  in  the  latter 
two  cases.  In  all  cases  the  maximum  normal  stress  and  effective  stress 
failure  criteria  are  compared.  For  important  stresses,  Layers  1  and  3 
are  compared  because,  with  few  exceptions,  these  layers  represent  extremes; 
stress  values  in  Layer  2  always  lie  between  those  of  Layers  1  and  3. 

4.4.4. 1  Plain  Laminate 

Figures  28  and  29  show  normalized  stresses  in  Layers  1  and  3. 

The  first  two  elements  of  the  upper  90°  ply  of  Layer  3  are  critical,  with 

the  remaining  elements  in  the  90°  plies  very  nearly  critical.  This  is 

to  be  expected  since  the  90°  plies  are  weakest  in  the  x-direction.  Values 

for  the  elements  of  the  90°  plies  in  Layer  1  are  high,  but  not  as  high 

as  those  in  Layer  3  because  edge  effects  in  Layer  3  shift  more  of  the 

load  toward  the  edge,  i.e.  to  Layer  3.  The  required  average  applied 

compressive  stress  to  fail  the  first  elements  was  o =  -52.7  ksi. 

Although  the  normalized  values  of  the  stresses  a  ,  a  ,  x  ,  and  x 

y  z  y  z  az 

are  not  critical,  they  are  presented  here  to  show  the  effects  of  interlaminar 

shear  and  laminate  free  edges  on  the  stress  state  within  the  laminate.  For 

the  same  applied  compressive  stress  of  =  -52.7  ksi,  Figures  30  through 

33  show  the  normalized  stresses  for  a  ,  o  ,  T  ,  and  t  ,  respectively. 

y  z  yz  xz 

In  the  case  of  a  ,  values  as  high  as  0.31  occur  in  the  lowest  0°  ply  in 
Layer  2.  These  somewhat  high  values  result  because  the  two  oppositely 
orientated  45°  plies  bounding  the  0°  ply  tend  to  shear  in  opposite 
directions ,  producing  both  and  o ^  stresses  in  the  0°  ply.  However,  this 
ply  is  not  very  strong  in  the. y "direct ion;  thus,  moderate  normalized  values 
result.  In  the  ehse  of  cr  ,  the  large  difference  in  Poisson  effects  for  the 
0°  and  90°  plies  produced  interlaminar  normal  stresses  between  these  plies. 

To  maintain  equilibrium,  the  values  change  sign  from  Layer  1  to  Layer  3. 


71 


PLY 

>45 

45 

0 

90 

0 

0 

90 

0 

0 

-45 

45 

0 

“45 


-45 

45 

0 

90 

0 

0 

90 

0 

0 

“45 

45 

0 

-45 


Figure  30.  Normalized  Values  for  Oy  in  Layer  2  for  the 
No  Drop-off  Case,  Under  RTD  Conditions,  where  Ux  =  “52.7  ksi. 
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Figure  31.  Normalized  Values  for  oz  in  Layer  3  for  the 
No  Drop-off  Case*  Under  RTD  Conditions,  where  ox  =  -52.7  ksi. 
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The  largest  value  of  -0.23  occurred  in  Layer  3  (shown  in  Figure  31),  in 

the  last  element  of  the  upper  90°  ply. 

It  should  be  pointed  out  that  the  reason  for  the  non-zero  values  in 

the  top  and  bottom  plies  is  because  these  values  represent  average 

stresses  for  the  elements,  not  those  on  the  element  surface,  which,  of 

course,  would  be  zero  since  the  laminate  is  not  loaded  in  the  z-direction. 

This  same  explanation  of  average  element  stress  applies  to  all  other 

cases  where  there  is  no  applied  stress. 

In  the  case  of  t'z  (Figure  32),  the  largest  value  of  0.22  occurred 

in  the  left  element  of  the  upper  0°  ply  in  Layer  3.  One  would  expect 

negligible  stresses  in  the  third  layer  since  it  is  closest  to  an 

edge,  where  there  are  no  applied  t  stresses.  However,  studies  such 

as  Reference  [8]  show  that  edge  effects  can  produce  shear  stresses  that 

reach  a  peak  value  near  the  edge,  and  then  suddenly  decline  to  zero  at 

the  edge  itself.  Since  stresses  shown  for  each  element  represent  average 

stresses  throughout  that  element,  they  may  take  into  account  the  sudden 

peak  of  shear  stress  near  the  edge.  Perhaps  this  is  the  reason  for  the 

unexpected  value  of  0.22  for  normalized  t  in  Figure  32. 

In  the  case  of  t  (Figure  33),  the  largest  value  of  -0.20  occurred 
xz 

in  the  lowest  0°  ply  of  the  third  layer,  and  is  due  to  the  shearing  effect 

of  the  oppositely-orientated  45°  plies  bounding  this  0°  ply. 

Figures  34  and  35  show  normalized  stresses  for  't  in  Layers  1  and 

3.  This  shear  stress  is  most  significant  since  it  represents  direct  in-plane 

shear.  As  both  figures  indicate,  t  values  for  the  0°  and  90°  plies  are 

xy 

negligible  since  there  is  no  tendency  for  in-plane  shear  in  these  plies. 

The  shear  is  as  high  as  0,79  for  the  iipper  right  element  of  the  +45  ply 

of  L^yer  1,  which  is  in  direct  interlaminar  shear  coupling  with  the  -45° 

ply  above.  The  corresponding  value  for  Layer  3  is  0,46,  which  is  less 

because  Layer  3  is  nearest  the  edge,  where  apparently  there  is  no  peak-and- 

drop  effect.  Shear  values  as  high  as  these  increase  the  effective  stress, 

which  is  dominated  by  the  high  values  which  already  exist  for  a  ,  effective 

x 

stress  being  representative  of  the  effect  of  all  stresses  acting  at  once. 

Figures  36  and  37  show  normalized  effective  stresses  for  Layers  land  3. 
Using  the  effective  stress  failure  criterion,  an  average  stress  of  0^  =  -39.5 
ksi  was  applied  before  an  element  failed.  The  critical  element  was  the 
same  one  that  reached  a  high  *pxv  stress  in  Figure  34.  Thus,  when  this 


75 


Figure  34.  Normalized  Values  for  T.xy  in  Layer_l  for  the 
No  Drop-off  Case.,  Under  RTD  Conditions,  where  a ■  -  -52.7  ksi. 


Figure  35.  Normalized  Values  for  txy  in  Layer_3  for  the 
No  Drop-off  Case,  Under  RTD  Conditions,  where  =  -52.7  ksi. 
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Figure  36.  Normalized  Values  for-  £eff  in  Layer  1  for  the 
No  Drop-off  Case,  Under  RTD  Conditions,  where  ax  -  -39.5  ksi. 
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Figure  37.  Normalized  Values  for  aeff  in  Layer  3  for  the 
No  Drop-off  Case,  Under  RTD  Conditions,  where  ax  -  -39.5  ksi. 
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failure  criterion  is  used,  in-plane  shear  effects  can  be  quite  detrimental. 
Because  of  in-plane  shear,  most  of  the  effective  stress  values  for  45° 
plies  are  large  in  both  Layers  1  and  3,  whereas  those  for  the  0°  and  90° 
plies  are  smaller. 

In  conclusion,  first-element  failure  occurs  in  the  90°  plies  at  an 

applied  stress  of  a  =  -52.7  ksi,  if  the  maximum  normal  stress  failure 

criterion  is  used,  and  in  the  upper  right  +45°  ply  under  an  applied  stress 

of  a  ~  -39.5  ksi,  if  the  effective  stress  failure  criterion  is  used, 
x 

4. 4.4. 2  0°  Drop-off  Laminate 

Figures  38  and  39  show  normalized  o^  stresses  for  Layers  1  and  3, 
respectively,  for  the  small  resin  pocket  case.  The  critical  element 
occurs  immediately  above  the  resin  pocket  in  Layer  3,  with  the  corresponding 
element  in  Layer  1  being  near  critical  at  -0.95.  Since  the  resin  pocket 
itself  is  less  stiff  than  the  90°  element  above  it,  the  latter  takes 
most  of  the  load  when  the  0°  ply  drops  off.  Thus,  it  is  not  surprising 
that  these  90°  elements  become  critical.  The  applied  stress  required 
to  fail  these  elements  was  =  20.1  ksi,  60  percent  less  than  that 
required  to  fail  an  element  in  the  no  drop-off  case. 

Figures  40  and  41  show  normalized  a stresses  for  Layers  1  and  3, 
respectively.  Although  no  element  is  near  critical,  the  element  above 
the  resin  pocket  reaches  a  value  of  —0.21  in  Layer  1,  and  —0.31  in  Layer 
3.  These  values  have  a  beneficial  effect  on  effective  stress  because 
they  are  of  the  same  sign  as  the  values,  and  effective  stress 
recognizes  only  differences  between  normal  components. 

Figures  42  and  43  show  normalized  t  stresses  for  Layers  1  and  3, 

xz 

respectively.  A  value  of  —0.19  occurs  in  the  element  above  the  resin 
pocket  in  both  layers.  This  value  has  a  detrimental  effect  on  effective 
stress,  the  sign  of  the  shear  stress  being  irrelevant.  Values  of  the 
other  stress  components  are  not  presented  because  their  values  for  the 
critical  element  were  very  small,  and  did  not  influence  effective  stress 
significantly. 

The  purpose  of  presenting  values  of  both  and  here  is  to  show 

how  they  influenced  effective  stress,  shown  in  Figures  44  and  45  for 
Layers  1  and  3,  respectively.  The  critical  element  was  again  the  one 
above  the  resin  pocket,  only  in  this  case  in  Layer  1,  although  the  corres¬ 
ponding  element  in  Layer  3  was  near  critical  at  0.94.  The  required 
applied  stress  to  fail  this  critical  element  was  C7^  =  -32.6  ksi,  50  percent 
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Figure  38.  Normalized  Values  for  ax  in  Layer  1  for  the 

0°  Drop-off  Case,  Small  Resin  Pocket,  Under  RTD  Conditions, 

where  o’  —  -20.1  ksi. 
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Figure  39.  Normalized  Values  for  ox  in  Layer  3  for  the 
0°  Drop-off  Case,  Small  Resiti  Pocket,  Under  RTD  Conditions, 
where  ox  =  -20.1  ksi. 
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Figure  40.  Normalized  Values  for  az  in  Layer  1  for  the 
0°  Drog-off  Case,  Small  Resin  Pocket,  Under  RTD  Conditions, 
where  crx  =  -20.1  ksi. 
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Figure  45.  Normalized  Values  for  aeff  in  Layer  3  for  the  0 
Drop-off  Case,  Small  Resin  Pocket,  Under  RTD  Conditions,  where 
a  =  -32.6  ksi. 


above  that  needed  to  fail  an  element  if  the> maximum  normal  stress  failure 

criterion  was  used.  The  reason  why  the  effective  stress  failure  criterion 

is  more  favorable  this  time  is  because  the  beneficial  effect  of  a  and  a 

x  z 

being  of  the  same  sign  was  more  compensating  than  the  detrimental  effect 

of  x  ,  the  other  stresses  being  negligible,  as  already  stated, 
xz 

The  element  that  failed  in  effective  stress  for  the  no  drop-off  case 
reached  a  value  of  0.93  in  this  case,  indicating  that  interlaminar  shear 
is  almost  as  detrimental  as  the  ply  drop-off  itself  for  the  effective 
stress  failure  criterion. 

Comparisons  will  now  be  made  with  the  large  resin  pocket  case. 

Figures  46  and  47  show  normalized  stresses  for  Layers  1  and  3,  respec¬ 
tively.  The  critical  element  again  is  the  one  above  the  resin  pocket  in 
Layer  3,  with  the  critical  element  in  Layer  1  reaching  0.98.  The  applied 

stress  at  failure  is  O  =  -18.8  ksi,  which  is  slightly  below  the  value  of  C  = 

x  x 

-20.1  ksi  for  the  small  resin  pocket  case.  The  reason  for  this  decrease  is 

that  the  larger  resin  pocket,  being  less  stiff  than  the  small  one,  shifts  more 

load  to  the  upper  90°  element,  causing  it  to  fail  at  a  lower  stress  level. 

The  effect  that  a  and  x  have  on  effective  stress  is  similar  to  that 
z  xz 

for  the  small  resin  pocket  case,  so  these  stresses  are  not  presented  here. 

Normalized  effective  stress  is  shown  in  Figures  48  and  49.  The  critical 

element  is  again  the  one  above  the  resin  pocket  in  Layer  1,  with  the 

corresponding  element  in  Layer  3  reaching  0.95.  The  value  in  the  45° 

ply  that  was  critical  in  the  no  drop-off  case  was  0.88  in  this  case, 

indicating  again  that,  in  spite  of  drop-offs  and  resin  pocket  sizes, 

interlaminar  shear  is  quite  detrimental  if  the  effective  stress  failure 

criterion  is  used.  The  value  of  applied  stress  required  to  produce  effective 

stress  failure  was  -31.0  ksi,  slightly  below  the  value  of  -32.6  ksi  for  the 

small  resin  pocket  case.  The  reason  is  the  same  as  that  given  above  for  the 

a  failure  case, 
x 

4.4.4. 3  45°  Drop-off  Laminate 

Figures  50  and  51  show  normalized  stresses  for  Layers  1  and  3, 
respectively.  The  critical  elements  were  in  the  upper  90°  ply  of  Layer  3, 
with  values  in  the  lower  90°  ply  nearly  critical.  Thus,  the  effect  of 
the  drop-off  is  not  severe  enough  to  override  the  low  load^-carrying 
capabilities  of  the  90°  plies,  since  the  load  carried  by  the  dropped  45° 
ply  is  much  less  than  that  carried  by  the  dropped  0°  ply  of  the  previous 
case.  Much  of  the  load  carried  by  the  dropped  ply  was  shifted  to  the 
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Figure  46.  Normalized  Values  for  ox  in  Layer  1  for  the  0 
Drop-off  Case,  Large  Resin  Pocket,  Under  RTD  Conditions  where 

a  ~  -IS. 8  ksi. 
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leftmost  element  of  this  ply,  bringing  the  normalized  value  of  the 

leftmost  element  in  Layer  1  for  that  ply  up  to  -0.89,  whereas  values 

around  the  drop-off  and  resin  pocket  areas  were  smaller.  The  lower 

values  in  the  resin  pocket  itself  are  due  to  the  resin  pocket  being  less 

stiff  than  the  45°  ply  below  it.  The  applied  stress  at  failure  is  a  = 

-55. Q  ksi,  which  is  larger  than  that  for  the  no  drop-off  case  (-52.7  ksi), 

because  the  dropped  ply  transfers  more  load  to  the  0°  ply  above  it,  making 

the  laminate  more  efficient  since  0°  plies  are  the  best  load  carriers. 

The  only  other  significant  stress  was  t  ,  shown  in  Figures  52  and 

53.  This  in-plane  shear  stress  is  negligible  in  the  0°  and  90°  plies,  and 

quite  pronounced  in  the  45°  plies,  as  expected.  The  leftmost  element 

in  the  dropped  -45°  ply  in  Layer  1  reached  -0.85,  with  the  diagonally 

opposite  element  in  the  upper  45°  ply  reaching  0,82 

Normalized  effective  stress  is  shown  in  Figures  54  and  55  for  Layers 

1  and  3,  respectively.  The  critical  element  is  the  leftmost  element 

of  the  dropped  ply  in  Layer  1.  This  results  because  of  the  combination  of 

large  O  and  T  stresses  acting  on  that  element.  The  high  value  of  0.97 
x  xy 

in  the  element  diagonally  opposite  the  critical  element  results  from  the  same 

combination  of  a  and  T  stresses  acting  there.  The  failure  stress  O  was 
x  xy  x 

-38.0  ksi,  30  percent  below  that  required  to  fail  an  element  if  the  maximum 

normal  stress  failure  criterion  was  used. 

Results  for  the  large  resin  pocket  case  were  almost  identical  to 

those  for  the  small  resin  pocket  case,  the  only  difference  being  smaller 

values  for  elements  now  considered  resin  pockets,  which  were  formerly 

+45°  elements.  Results  for  a  and  effective  stress  are  shown  in  Figures 

x 

56  through  59.  These  figures  are  nearly  identical  to  those  for  the  small 
resin  pocket  case.  All  critical  elements  are  the  same,  and  the  required 
applied  stress  to  produce  them  was  also  the  same.  Thus,  resin  pocket  size 
had  little  influence  on  the  strength  of  these  45°  drop-off  laminates. 

4.4.5  Results  for  the  Elevated  Temperature,  Wet  (ETW)  Case 

Assuming  a  stress-free  state  at  room  temperature  and  no  moisture  content, 
a  hygrothermal  load  was  applied  in  five  load  increments  to  bring  the 
temperature  up  to  218°F  and  moisture  up  to  1%  by  weight,  to  correspond  with 
the  conditions  under  which  testing  was  done  at  Northrop  in  the  second-year 
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Figure  52.  Normalized  Values  for  Txy  in  Layer  1  for  the  45 

Drop-off  Case,  Small  Resin  Pocket,  Under  RTD  Conditions,  where 

a  =  -55.0  ksi. 
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Figure  54.  Normalized  Values  for  oeff  in  Layer  1  for  the  45° 

Drop-off  Case,  Small  Resin  Pocket,  Under  RTD  Conditions,  where 

a  -  -38.0  ksi. 
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Figure  55.  Normalized  Values  for  ffeff  in  Layer  3  for  the  45° 

Drop-off  Case,  Small  Resin  Pocket,  Under  RTD  Conditions,  where 

Z  =  -38.0  ksi. 
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Figure  56.  Normalized  Values  for  ax  in  Layer  1  for  the  45 
Drop-off  Case,  Large  Resin  Pocket,  Under  RTD  Conditions,  where 
a  =  -55.0  ksi. 
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Figure  57.  Normalized  Values  for  ax  in  Layer  3  for  the  45 
Drop-off  Case,  Large  Resin  Pocket,  Under  RTD  Conditions,  where 
a  =  -55.0  ksi. 


Figure  58.  Normalized  Values  for  aeff  in  Layer  1  for  the  45 
Drop-off  Case,  Large  Resin  Pocket,  Under  RTD  Conditions,  where 
a  =  -38.0  ksi. 
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Figure  59.  Normalized  Values  for  creff  in  Layer  3  for  the  45° 
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study  [ 3 ] •  each  load  increment,  temperature  was  increased  uniformly 

throughout  the  laminate,  in  equal  amounts  of  29.6°F.  Moisture  content 
was  increased  in  increments  of  0%,  0.1%,  0.2%,  0.3%,  and  0.4%  for  each 
load  increment,  respectively,  to  account  for  the  fact  that  moisture  is 
absorbed  more  quickly  at  higher  temperatures.  Material  properties 
were  allowed  to  vary  with  each  load  increment.  At  the  end  of  the  last 
increment,  an  average  normal  compressive  stress  was  applied  in  the 
x-direction,  high  enough  to  produce  a  critical  failed  element,  as  in 
the  room  temperature,  dry  case. 

Since  the  size  of  the  resin  pocket  had  no  effect  on  the  45°  drop-off 
case,  and  only  a  minor  effect  on  the  0°  drop-off  case,  results  are 
presented  for  the  small  resin  pocket  cases  only . 

4. 4. 5.1  Plain  Laminate 

Figures  60  and  61  show  normalized  stresses  for  in  Layers  1  and 

3,  respectively.  As  in  the  RTD  case,  the  critical  elements  are  in  the 

90°  plies.  In  the  present  case,  however,  the  0°  plies  are  loaded  very 

minimally  with  respect  to  their  ultimate  values  as  compared  to  the  RTD 

case.  This  is  because  the  higher  thermal  and  moisture  expansion  of 

the  90°  plies  make  them  carry  a  greater  share  of  the  load  upon  mechanical 

compression  loading.  Thus  they  become  critical  before  the  0°  plies  have 

an  opportunity  to  become  more  fully  loaded.  The  failure  stress  was 

a  =-7.2  ksi  for  the  ETW  case.  The  cause  of  failure  is  two-fold;  adverse 
x 

effects  of  hogro thermally-induced  stresses  before  mechanical  loading  occurs, 
and  reduction  of  material  strengths  themselves  due  to  elevated  temperature 
and  moisture. 

Results  presented  for  the  RTD  case  for  stresses  a  ,  x^,  and  x^ 

are  not  repeated  here  for  the  ETW  case  because  1)  all  of  these  stresses  were 
small  in  the  RTD  case  to  begin  with,  and  were  presented  then  for  a  one-time 
comparison,  and  2)  they  were  made  even  smaller  in  this  case,  probably  due 
to  a  leveling-out  effect  of  the  hygrothermal  loads. 

Results  for  the  in-plane  shear  stress  x^  are  presented  in  Figures 
62  and  63  for  Layers  1  and  3  respectively.  As  expected,  values  are  low 
for  the  0°  and  90°  plies,  and  somewhat  higher  for  the  45°  plies.  The 
value  of  0.57  in  the  upper  right  element  of  the  first  layer  made  this 
element  critical  in  effective  stress. 
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Figure  62.  Normalized  Values  for  Txy  in  Layer  1  for  the  No  Drop¬ 
off  Case,  Under  ETW  Conditions,  where  3X  =  -7.2  ksi. 


Figure  63.  Normalized  Values  for  xxy  in  Layer  3  for  the  No  Drop¬ 
off  Case,  Under  ETW  Conditions,  where  =  -7.2  ksi. 
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Normalized  effective  stresses  for  Layers  1  and  3  are  shown  in  Figures 
64  and  65,  respectively.  As  already  stated,  the  critical  element  occurs  in 
the  upper  right  45°  element  of  Layer  1,  and  results  because  of  the  combina¬ 
tion  of  large  cr  and  T  acting  there.  Effective  stresses  for  the  90° 
x  *y 

plies  were  not  critical  because  of  a  beneficial  o  stress  (not  shown)  of 

z 

about  -0.06  acting  on  them.  This  value  is  small,  but  of  the  same  sign 
as  the  critical  a  stress,  thus  reducing  the  effective  stress  for  these 
90°  plies  and  permiting  a  larger  applied  stress  of  0 =  -14.5  ksi  at 
failure. 

Whichever  failure  criterion  is  used,  however,  the  allowable  applied 
load  for  first-element  failure  was  considerably  less  for  the  ETW  case  than 
for  the  RTD  case,  as  expected. 

4.4. 5.2  0°  Drop-off  Laminate 

Figures  66  and  67  show  results  for  normalized  a  stress  in  Layers  1 

x 

and  3,  respectively.  As  in  the  RTD  case,  the  critical  element  is  the  90° 
element  immediately  above  the  resin  pocket  in  Layer  3.  This  time,  however, 
all  elements  of  that  ply,  especially  after  the  drop-off,  are  near  critical, 
which  results  because  of  the  high  thermal  and  moisture  expansion  of  that 
ply,  and  the  subsequent  compression  loading  of  it.  The  upper  90°  ply 
experienced  high  values  for  the  same  reason.  For  this  case,  the  failure 
load  was  =  -5.5  ksi,  only  25  percent  lower  than  that  for  the  plain 
laminate.  The  percentage  reduction  for  the  RTD  case  was  62  percent, 
indicating  that  hygrothermal  effects  influence  first-element  failure 
more  than  ply  drop-off  effects. 

Results  for  normalized  a  stresses  are  shown  in  Figures  68  and  69,  for 
Layers  1  and  3,  respectively.  All  values  are  small,  as  expected,  except  in 
the  region  of  the  resin  pocket  where  they  are  higher  due  to  the  different 
expansion  rate  of  the  resin  pocket  itself  as  compared  to  that  of  the  90° 
elements  surrounding  it.  The  high  negative  value  of  -0.39  in  the  element 
above  the  resin  pocket  in  Layer  3  greatly  reduced  the  effective  stress 
there,  but  the  low  value  of  -0.01  in  the  element  to  the  right  of  the 
element  above  the  resin  pocket  in  Layer  1  could  not  reduce  effective  stress 
there,  making  this  element  critical  in  effective  stress. 

Results  for  effective  stress  are  shown  in  Figures  70  and  71  for  Layers 
1  and  3,  respectively.  The  critical  element  occurred  in  Layer  1,  as  already 
explained.  The  failure  stress  was  =  -12.6  ksi,  which  is  much  higher  than 
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Figure  68.  Normalized  Values  for  az  in  Layer  1  for  the  0° 

Drop-off  C#&e,  Small  Resin  Pocket,  Under  ETW  Conditions,  where 

a  =  ^5.5  ksi. 

,x 


Figure  69.  Normalised  yalues  far  gz  in  Layer  3  for  the.  0°  Drop** 
off  Case,  Small  Resin  Pocket,  Under  ETW  Conditions,  where 

O  =  -5.5  ksi. 
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Figure  70.  Normalized  Values  for  creff  in  Layer  1  for  the  0° 
Drop-off  Case,  Small  Resin  Pocket,  Under  ETW  Conditions, 
where  crx  =  -12.6  ksi. 


Figure,.  71.  Noimj^ltzed-  Values:  -  for  aeff  Layer  3  for  the  0° 
Drop-off  Case,  Small  Resin  Pocket,  Under  ETW  Conditions,  where 
o  =  -12.6  ksi. 
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that  for  the  maximum  normal  stress  failure  criterion  case  because  of 
the  beneficial  subtracting  effect  of  o^  and  a ^  stresses  in  the  critical 
elements  (the  other  stresses  being  negligible  there).  However,  in-plane 
shear  produced  values  as  high  as  0.97  for  effective  stress  in  the  upper 
right  element  of  the  +45°  ply  of  Layer  1.  Thus,  the  detrimental  effect 
of  in-plane  shear  on  effective  stress  is  present  even  under  conditions 
of  hygrothermal  loading. 

Again,  whichever  failure  criterion  is  used,  the  allowable  applied 
stress  is  greatly  reduced  under  ETW  conditions  compared  to  RTD  conditions. 

4. 4. 5. 3  45°  Drop-off  Laminate 

Results  for  normalized  0  are  shown  in  Figures  72  and  73  for  Layers 
1  and  3,  respectively.  As  in  the  RTD  case,  the  critical  elements  are  in 
the  90°  plies  of  the  third  layer.  Again,  these  90°  plies  expand  more 
than  the  others  in  the  x-direction.  Therefore,  they  take  more  load  when 
subjected  to  the  applied;  compressive  stress  o^,  which  in  this  case  was  -7.6 
ksi  at  failure.  The  drop-off  area  is  noncritical  in  both  layers.  Because  of 

the  drop-off,  more  load  is  shifted  to  the  0°  ply  above  the  dropped  ply, 
and  since  0°  plies  are  more  efficient  load  carriers,  the  allowable  load 
on  this  laminate  was  increased  over  that  of  the  plain  laminate,  as  occurred 
in  the  RTD  case  as  well. 

In-plane  shear  stress  Txy  is  shown  in  Figures  74  and  75.  As  always, 
values  are  low  except  in  the  45°  plies.  The  high  values  in  the  edge 
elements  of  the  45°  plies  caused  values  for  effective  stress  there  to  be 

high  as  well. 

Effective  stress  is  shown  in  Figures  76  and  77.  The  critical  element 
is  the  upper  right  element  of  the  +45°  ply  in  Layer  1.  Elements  in  the 
lower  lefthand  corner  for  the  45°  plies  in  Layer  1  have  high  values  as 
well.  No  90°  elements  were  critical  in  effective  stress  because  of  a 
beneficial  a stress  (not  shown)  acting  on  them.  The  failure  stress  was 
a  =  -13.9  ksi,  which  is  higher  than  that  required  to  fail  an  element  if 
the  maximum  normal  stress  failure  criterion  is  used.  Thus,  the  presence 
of  hygrothermal  loads,  with  their  stress  redistribution  effect,  produced 
results  more  favorable  to  the  effective  stress  failure  criterion  than 
to  the  maximum  normal  stress  failure  criterion,  which  is  the  opposite 
of  what  occurred  in  the  RTD  case. 
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Figure  76.  Normalized  Values  for  aef f  in  Layer  1  for  the  45 
Drop-off  Case,  Small  Resin  Pocket,  Under  ETW  Conditions,  where 
cr  =  -13. 9  ksi. 
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Figure  77.  Normalized  Values  for  creff  in  Layer  3  for  the  45 
Drop-off  Case,  Small  Resin  Pocket ,  Under  ETW  Conditions,  where 
a  =  -13.9  ksi. 


4.4.6  Results  for  the  Elevated  Temperature,  Dry  (ETD)  Case 

As  in  the  ETW  case,  a  hygrothermal  load  was  applied  in  five  equal  load 
increments  to  bring  the  temperature  up  to  218°F  before  the  mechanical 
loading  was  applied.  No  moisture  loads,  of  course,  were  applied  since  this 
was  a  moisture-free  test  case. 

In  the  second-year  study  [3]  Northrop  tested  only  the  plain  laminate 

under  ETD  conditions,  so  results  are  presented  here  for  that  laminate  only. 

Figures  78  and  79  show  the  normalized  stresses  in  Layers  1  and  3, 

respectively.  The  results  are  the  same  as  for  all  other  cases,  i.e.,  the 

critical  elements  are  in  the  90°  plies  of  Layer  3.  The  0°  plies  took 

more  load  than  in  the  ETW  case  (although  still  considerably  less  than  in 

the  RTD  case),  because  in  this  case  there  is  no  moisture  swelling;  the 

easily  swelled  90°  plies  were  not  called  upon  to  take  as  much  load  as  in  the 

ETW  case,  allowing  more  applied  load  before  they  failed.  The  failure  load 

was  -12.4  ksi,  considerably  above  the  -7.2  ksi  value  for  the  ETW  case. 

As  in  the  ETW  case,  small  but  negative  values  of  a ^  in  the  90°  plies 

reduced  the  effective  stresses  in  those  plies,  while  the  in-plane  shear 

stress  t  in  the  45°  plies  increased  the  effective  stresses  in  these 
xy 

plies,  making  them  critical.  Figures  80  and  81  show  the  effective  stress 
for  Layers  1  and  3,  respectively.  The  critical  element  is  the  same  one 
as  in  the  ETW  and  RTD  cases,  i.e.,  the  upper  right  element  of  the  +45° 
ply  in  Layer  1.  High  values  occurred  in  all  edge  elements  of  the  45°  plies, 
as  in  the  ETW  and  RTD  cases  as  well.  The  failure  stress  was  =  -17.2  ksi, 
which  is  considerably  higher  than  that  under  which  failure  occurs  by  the 
maximum  normal  stress  failure  criterion,  for  the  same  reason  given  in  the 
discussion  of  the  ETW  case. 

4.5  Comparison  with  Experimental  Results  and  Conclusions 

The  experimental  results  given  on  Page  2.9  of  the  second-year  report 
[3]  present  the  applied  stresses  required  to  produce  compressive  failure  of 
the  whole  laminate,  but  give  no  information  about  where  the  first  failure 
occurs,  and  at  what  applied  stress  level.  On  the  other  hand,  the  present 
analytical  results  predict  where  first  element  failure  occurs,  and  at  what 
applied  stress,  but  say  nothing  of  how  failure  propagates,  and  at  what 
stress  ultimate  failure  occurs.  Therefore,  a  direct  comparison  between 
experimental  and  analytical  results  cannot  be  made  at  this  time.  What  can 
be  done,  though,  is  to  show  what  percentage  of  the  applied  stress  required 
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Figure  78.  Normalized  Values  for  ax  in  Layer  1  for  the  No 
Drop-off  Case,  Under  ETD  Conditions,  where  dx  =  -12.4  ksi. 
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Figure  79.  Normalized  Values  for  ax  in  Layer  3  for  the  No 
Drop-off  Case,  Under  ETD  Conditions,  where  ax  =  -12.4  ksi. 
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to  produce  ultimate  failure  based  on  experimental  results  is  the  applied 
stress  required  to  produce  first-element  failure.  Table  18  provides  such  a 
comparison,  for  both  the  maximum  normal  stress  and  effective  stress  failure 
criteria.  Consistency  is  maintained  for  a  given  environmental  condition 
for  both  criteria,  except  for  the  0°  ply  drop-off,  RTD  condition,  where 
the  maximum  normal  stress  criterion  shows  19  percent,  well  below  the  other 
values  of  approximately  50  percent.  In  all  cases,  however,  the  RTD 
condition  is  most  favorable  and  the  ETW  case  is  the  least  favorable,  indi¬ 
cating  that  residual  stresses  due  to  hygrothermal  loads  are  detrimental  to 
both  initial  failure  and  gross  failure  for  this  material. 

The  experimental  data  [3]  indicated  that  gross  static  failure  was 
relatively  insensitive  to  the  presence  of  ply  drop-offs,  and  more  sensitive 
to  the  environmental  condition.  Since  the  analysis  showed  that  nowhere 
were  0°  plies  critical,  it  seems  logical  that  all  plies  except  these  0° 
plies  will  fail  first,  no  matter  what  the  ply  drop-off  condition  is. 

Therefore,  gross  failure  would  be  a  function  of  the  strength  of  these  0° 
plies  more  so  than  of  the  presence  of  ply  drop-offs.  Since  the  strength  of 
the  0  plies  decreases  with  increasing  temperature  and/or  moisture  content 
gross  failure  should  occur  at  a  lower  stress  value  for  the  ETD  and  ETW  cases, 
as  was  shown  to  occur  experimentally. 

The  first-year  report  [1]  gave  values  for  the  compressive  strength 
in  the  fiber  direction  of  a  unidirectional  laminate  under  RTD,  ETW  and  ETD 
conditions.  If  the  assumed  ultimate  failure  criterion  is  defined  as  failure 
occurring  when  all  plies  other  than  0°  plies  have  failed,  and  the  0°  plies 
are  all  at  their  compressive  strength  limits,  all  that  is  needed  is  the 
percentage  of  0°  plies  in  a  laminate.  The  predicted  ultimate  failure 
stress  would  be  the  ultimate  strength  of  a  0°  ply  multiplied  by  the 
percentage  of  these  plies  in  the  laminate.  Such  predictions  are  given  in 
Table  19,  where  the  predicted  values  are  then  compared  with  the  actual 
experimental  values  of  the  second-year  report  [3]. 

The  percentage  differences  are  all  less  than  20  percent,  with  most 
of  them  under  12  percent.  Since  the  rule  of  mixtures  failure  criterion 
does  not  recognize  any  plies  other  than  0°  plies,  it  is  not  surprising  that 
predicted  failure  stresses  are  all  below  the  actual  ones,  although  not  by  much. 

In  summary,  based  upon  what  has  been  presented  in  this  section,  two 
conclusions  seem  valid.  First,  if  not  only  gross  failure  but  also  local 
failure  and  its  propagation  is  required,  a  three-dimensional  finite  element 
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TABLE  18.  PERCENTAGE  OF  APPLIED  LOAD  PREDICTED  TO  PRODUCE  FIRST-ELEMENT 
FAILURE  RELATIVE  TO  THAT  EXPERIMENTALLY  DETERMINED  TO  PRODUCE 
TOTAL  FAILURE 


Effective  Stress 
Failure  Criterion 

Maximum  Normal  Stress 
Failure  Criterion 

Plain  Laminate,  RTD 

37 

50 

0°  Ply  Drop-offs,  RTD 

30 

19 

45°  Ply  Drop-offs,  RTD 

36 

51 

Plain  Laminate,  ETD 

19 

14 

Plain  Laminate,  ETW 

19 

9 

0°  Ply  Drop-offs,  ETW 

17 

7 

45°  Ply  Drop-offs,  ETW 

16 

9 
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TABLE  19.  PREDICTED  GROSS  FAILURE  BASED  ON  A  RULE-OF-MIXTURES  FAILURE 
CRITERION  OF  0°  PLIES  COMPARED  TO  EXPERIMENTAL  DATA  IN 
REFERENCE  [1] . 


Configuration 

Envir- 

onmen- 

tal 

Condi¬ 

tions 

Percent  0° 
Plies  Be¬ 
yond  the 
Drop-off 

Ultimate 
Strength  of 

0°  Ply 

Predicted 
Ultimate 
Strength  of 
Laminate 

Actual 
Ultimate 
Strength  of 
Laminate 

Percentage 

Difference 

Plain  Laminate 

RTD 

53.3 

-175  ksi 

-93.3  ksi 

-105.0  ksi 

ii 

0°  Ply  Drop-offs 

RTD 

50.0 

-175  ksi 

-87.5  ksi 

-107.4  ksi 

19 

45°  Ply  Drop-offs 

RTD 

57.1 

-175  ksi 

-99.9  ksi 

-107.1  ksi 

7 

Plain  Laminate 

ETD 

53.3 

-160  ksi 

-85.3  ksi 

-  89.1  ksi 

4 

Plain  Laminate 

ETW 

53.3 

-134  ksi 

-71.4  ksi 

-  75.9  ksi 

6 

0°  Ply  Drop-offs 

ETW 

50.0 

-134  ksi 

-67.0  ksi 

_  75.1  ksi 

11 

45°  Ply  Drop-offs 

ETW 

57.1 

-135  ksi 

-76.5  ksi 

_  89.4  ksi 

14 
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analysis  with  crack  propagation  capability  is  needed.  Second,  if  gross 
failure  is  all  that  is  needed,  and  accuracy  within  10  to  20  percent  is 
sufficient,  the  simple  rule  of  mixtures  failure  criterion  can  be  used, 
and  no  elaborate  analysis  is  needed. 
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SECTION  5 


SUMMARY  OF  RESULTS ,  CONCLUSIONS  AND  RECOMMENDATIONS  -  POROSITY  EFFECTS 

5.1  SUMMARY  OE  RESULTS 

An  experimental  program  was  conducted  to  quantify  the  effects  of  mate¬ 
rials-  and  process-related  defects  on  the  integrity  of  AS/3501-6  graphite/ 
epoxy  laminates.  Porosity  (microvoids)  and  delaminations  were  identified 
as  the  defects  to  be  studied,  with  the  major  emphasis  on  porosity  effects. 

It  was  assumed  that  the  presence  of  porosity  or  delamination  would  affect 
the  mechanical  response  of  laminates  more  under  compression  than  tension. 
Consequently,  static  compression  and  compression  fatigue  tests  were  carried 
out  to  quantify  the  worst  effects  of  porosity  and  delaminations.  Test 
laminates  included  basic  layups,  like  Co J 2 4 T ^  D^24T  anc^  anc*  a 

30-ply  [(+45)  5/0^5/90^]  c  layup.  The  30-ply  laminate  had  a  layup  similar 

to  a  highly  loaded  portion  of  the  F/A-18A  vertical  stabilizer  skin.  Gene¬ 
rated  test  data  were  compared  with  data  on  defect-free  laminates  with 
identical  layups  to  quantify  the  effects  of  porosity  and  delaminations.  The 
results  of  the  program  are  listed  below. 

(1)  The  main  materials-  and  processes-rela ted  defect  to  be  studied 
was  selected  to  be  uniform  porosity,  measuring  3+2%  via 
chemical  analysis  and  4+2%  via  SEM  image  analysis.  This  was 
induced  by  eliminating  the  debulking  operation  during  layup, 
by  using  only  vacuum  pressure  during  heat-up  and  dwell,  and  by 
applying  only  a  15  psi  pressure  during  final  cure.  Program  test 
laminates  met  the  established  goal,  and  contained  porosity  levels 
ranging  from  1.49%  to  2.12%  via  chemical  analysis,  and  from 
2.31%  to  3.06%  via  SEM  image  analysis.  The  quantification  of 
porosity  level  differs  with  the  technique  employed  (Ref.  2). 

The  uniformity  of  the  induced  porosity  was  verified  through 
ultrasonic  C-scans  and  photomicrographic  examination  of  selec¬ 
ted  laminate  cross-sections. 
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(2)  The  induced  porosity  levels  in  test  laminates  were  approximately 
twice  the  worst  porosity  measurement  in  F/A-18A  vertical  stabi¬ 
lizer  skins  thus  far  (Ref.  2). 

(3)  A  secondary  and  limited  study  was  also  conducted  on  a  non-porous 
laminate  with  a  0.5  in.  long  delamination  imbedded  at  midplane. 
The  30-ply  layup  mentioned  earlier  was  adopted  for  these  tests. 

(4)  Static  compression  and  compression  fatigue  (R  =  10,  (d=10  Hertz) 
tests  were  conducted  on  laminates  with  induced  porosity  and 
delamination  defects.  Reductions  in  the  static  compressive 
strengths  and  compression  fatigue  threshold  strain  levels, 

due  to  the  induced  defects  in  test  laminates,  were  recorded. 
Comparisons  between  defective  and  defect^free  laminate  results 
were  drawn  based  on  chemical  analysis  porosity  measurements  that 
are  lower  than  SEM  image  analysis  measurements.  Prior  to  making 
comparisons  ,  differences  in  the  fiber  volume  percentages 
between  compared  defective  and  defect-free  laminates  were  appro¬ 
priately  accounted  for. 


5.2  CONCLUSIONS 

(1)  Static  compression  test  data  indicated  significant  (  >  10%) 
reductions  in  the  strength  and  failure  strain  values  of  test 
laminates  due  to  the  presence  of  induced  defects  (porosity 
and  delamination) .  This  was  observed  under  all  the  considered 
environmental  conditions,  (RTD,  RTW  and  218FW) .  The  combination 
of  moisture  and  porosity  induced  very  significant  reductions  in 
the  proportional  limit  stresses  and  strains.  Poissons’  ratio 
and  modulus  of  elasticity  suffered  negligible  degradations 
despite  the  presence  of  defects  and  changes  in  environment. 

(2)  Based  on  the  generated  static  compression  test  data,  empirical 
relationships  are  proposed  for  quantifying  the  effect  of 

ult, 

porosity  (%  voids)  on  the  static  compression  strength  (  O  ) 
of  AS/3501-6  laminates: 
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Under  RTD  conditions. 


for  0  <  %  voids  <  1.28 
for  %  voids  >  1.28 


%  Aault  =  6.5 x  %  voids 

=  8.4  +  35.09  x  %  voids 

Under  RTW  conditions, 

%  =  4.58x  %  voids  for  0  <  %  voids  <  0.83 

-  3,8  +  18.52  x  %  voids  for  %  voids  >  0.83 

%  A a  U^t  is  the  percentage  reduction  in  the  static  compression 
strength,  and  %  voids  is  measured  via  chemical  analysis. 

(3)  Constant  amplitude,  compression  fatigue  tests  were  conducted 

at  R  =  10  and  U)  =  10  Hertz,  and  the  effects  of  induced  porosity 
and  delaminations  were  quantified  through  the  computation  of 
percentage  reductions  in  the  threshold  strain  levels.  Very 
signficiant  effects  were  observed  in  (40%),  [90] 

(29%)  and  [+45]  gs  (33%)  specimens,  due  to  induced  porosity, 

under  RTW  conditions.  RTD  compression  fatigue  tests  on  porous 
[(+45)^/0^/90^]  Specimens  exhibited  a  signifcant  (16%) 

reduction  in  the  threshold  strain  level,  while  RTW  tests  only 
measured  a  small  (6%)  effect.  218FW  conditions  caused  the 
worst  reduction  (20%)  in  the  threshold  strain  level  of  the  porous 
30-ply  laminate.  Imbedded  delaminations  in  the  non-porous  30- 
ply  laminate  caused  no  measurable  degradation  in  the  threshold 
strain  level.  This  is  possibly  due  to  to  its  size  and  midplane 
location. 

5.3  RECOMMENDATIONS 

A  set  of  basic  laminates  and  a  30-ply  laminate,  representative  of  a 
highly  loaded  F/A-18A  vertical  stabilizer  skin  section,  have  been  subjected 
to  three  phases  of  compression  tests.  In  the  initial  program  (Ref.  1)  com¬ 
pression  test  data  were  generated  for  these  laminates  in  a  defect-free 
state.  In  the  second  program  (Ref.  3)  similar  compression  test  data  were 
generated  on  the  same  30-ply  laminate  with  two  ply  drop-off  configurations. 
In  this  report,  the  effects  of  porosity  and  delamination  on  the  compression 
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fatigue  behavior  of  the  30-ply  laminate  were  quantified.  A  logical  contin¬ 
uation  of  this  study  would  be  to  address  the  combined  effect  of  porosity 
and  ply  drop-off  on  the  compression  fatigue  behavior  of  the  30-ply  laminate. 
And,  a  representation  of  an  F/A-18A  vertical  stabilizer  skin  attachment  to 
an  aluminum  spar  should  also  be  considered  through  the  introduction  of 
fastener  holes.  Furthermore,  open  hole  test  data  should  be  complemented 
by  data  generated  on  specimens  with  a  representative  bolt-load  to  by-pass 
load  ratio.  The  recommended  continuation  study  will  help  determine  the 
combined  effect  of  porosity,  ply  drop-off  and  fastener  holes  on  the  static 
compression  and  compression  fatigue  behavior  of  the  referenced  30— ply 
laminate.  Static  strength  reductions  and  percentage  degradations  in  the 
compression  fatigue  (R  =  10,  CO  =  10  Hertz)  threshold  strain  levels  due  to 
porosity,  ply  drop-off ,  open  fastener  holes,  and  loaded  holes  have  already 
been  estimated  under  situations  where  only  one  of  the  degradation-inducing 
factors  exists.  In  the  recommended  study,  a  combined  degradation  factor 
will  be  measured,  and  the  interaction  among  the  various  anomalies  established. 
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SECTION  6 


SUMMARY  OF  RESULTS,  CONCLUSIONS  AND  RECOMMENDATIONS  - 
PLY  DROP-OFF  ANALYSIS 


6. 1  Summary  of  Results 

The  ply  drop-off  experimental  data  generated  as  part  of  the  second-year 
study  [3]  were  used  as  the  basis  for  the  analytical  results  presented  in 
Section  4  of  the  present  report.  A  recently  developed  [6]  three-dimensional 
finite  element  analysis  (and  the  associated  computer  program)  was  utilized. 

Since  the  present  analysis  represents  one  of  the  first  practical 
applications  of  this  new  analytical  tool,  a  considerable  amount  of  effort 
was  expended  in  obtaining  suitable  material  properties  input  data,  in 
constructing  finite  element  models,  and  in  developing  methods  of  inter¬ 
preting  the  numerical  results  obtained.  Actual  photomicrographs  were 
taken  and  used  to  establish  the  various  ply  drop-off  geometries. 

There  are  practical  limits  to  the  size  of  the  three-dimensional 
finite  element  grid  which  can  be  utilized,  associated  with  the  size  of 
the  computer  available.  The  University  of  Wyoming  has  a  CDC  Cyber  730/760 
Dual  Processor  Mainframe,  a  computer  of  reasonably  large  size.  Thus,  it 
would  be  possible  to  use  a  finer  finite  element  grid  than  that  utilized 
in  the  present  exploratory  work.  The  present  three-layer  grid  array  is 
adequate  to  indicate  trends,  but  is  not  sufficiently  refined  to  fully 
model  free-edge  stress  effects. 

Because  of  the  preliminary  nature  of  the  present  study,  and  the 
limited  amount  of  experimental  data  available  for  composite  materials 
in  the  inelastic  range  of  response,  no  attempt  was  made  to  model  inelastic 
response,  although  the  analysis  is  fully  capable  at  the  present  time. 

Curing  residual  stresses  were  also  not  included,  although  the  analysis 
has  this  capability. 

In  spite  of  these  deliberate  simplifications,  the  analysis  predicted 
a  number  of  significant  results.  The  ability  to  define  the  critical  ply, 
and  the  location  around  any  specific  ply  drop-off  geometry  where  failure 
occurs,  was  demonstrated.  The  capability  of  modeling  temperature-  and/or 
moisture-induced  stress  effects  was  demonstrated.  In  fact*  it  was  shown 
that  these  hygrothermal  stress  effects  can  be  more  significant  than  the 
geometry- induced  effects  associated  with  ply  drop-offs. 
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A  scheme  has  been  developed  for  presenting  computer-generated  data 
in  a  readily  understandable  format.  This  provides  an  immediate  visual 
display  of  the  variation  of  any  one  of  the  six  different  stress 
components  or  the  effective  stress  value  over  the  entire  region  around 
a  ply  drop-off . 

The  results  of  the  present  analytical  study,  although  preliminary  in 
the  sense  that  it  will  now  be  practical  to  perform  a  much  more  rigorous 
analysis  in  any  future  work,  correlated  well  with  the  conclusions  derived 
from  the  corresponding  experimental  study  [3].  That  is,  the  various  ply  drop¬ 
off  geometries  do  not  significantly  influence  the  composite  laminate  strength. 
Other  influences,  such  as  the  hygrothermal  environment  and  the  presence 
of  interlaminar  stresses  at  the  free  edges  of  the  laminate,  are  more 
significant.  The  present  analysis  permits  the  quantification  of  these 
effects,  individually  or  in  any  combination.  It  has  also  been  used  to 
explain  why  certain  apparent  experimental  anomalies  were  observed. 


6 . 2  Conclusions 

Ply  drop-offs  result  in  relatively  minor  reductions  in  the  ultimate 
strength  of  the  0°  ply-dominated  laminate  studied,  although  first-ply 
failure  can  occur  at  relatively  low  stress  levels  in  the  45°  and  90°  plies. 

If  the  onset  of  off-axis  ply  cracking  is  not  of  major  concern,  a  simple 
rule-of -mixtures  relation  can  be  used  to  predict  ultimate  strength. 

The  present  analytical  work  concentrated  on  correlations  with 
static  test  results.  However,  the  fatigue  data  appear  to  follow  similar 
trends  [3].  Thus,  ply  drop-offs  do  not  appear  to  be  a  strong  influence 
on  fatigue  crack  propagation  either.  The  normal  discontinuities  induced 
at  ply  interfaces  are  almost  as  severe  as  the  ply  drop-off  effects. 

The  present  study  has  served  the  important  function  of  providing  a 
general  analytical  approach,  however,  applicable  to  any  laminate  configuration. 
It  is  likely  that  a  lay-up  configuration  not  dominated  by  unidirectional 
plies  in  the  principal  loading  directions  will  be  more  sensitive  to  ply 
drop-offs  and  their  relative  locations  within  the  laminate  stack.  The 
present  analysis  will  handle  such  configurations  with  no  modifications  required. 

6 . 3  Recommendations 

Having  established  a  general  analysis  methodology  as  part  of  the 
present  study,  it  will  be  possible  to  extend  this  work  to  more  complex 
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geometries.  For  example,  the  combined  influences  of  ply  drop-offs, 
loaded  or  unloaded  holes,  and  manufacturing-induced  defects  such  as 
porosity  can  be  analyzed. 

Since  inelastic  response  in  the  form  of  local  plastic  deformations 
around  holes  and  ply  drop-offs  will  be  of  special  interest  in  future 
investigations,  this  capability  of  the  present  analysis  will  be  certain 
to  be  used.  Correspondingly,  it  is  recommended  that  a  crack  propagation 
capability  be  added  to  the  present  analysis,  so  that  material  response 
beyond  first  failure  can  be  studied.  The  propagation  and  arresting  of 
cracks  in  the  vicinity  of  local  discontinuities  will  be  a  particularly 
important  analysis  capability. 
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APPENDIX  A 


SPECIFICATIONS 


QUALITY  CONTROL  INSTRUCTION  (Q.C.I.)  AND 
PROCESS  INSTRUCTION  (P.I.)  SHEETS  FOR 
MATERIALS  AND  PROCESSES  DEFECTS  (M&P-D)  LAMINATES 
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Definitions  for  these  Instruction  Sheets 


QC 

M&P-D 

MMS 

PS 

IT- 58 

W 

V 

NAI 

mil 

MMM-A-132 

T-Peel 


-  Quality  Control 

-  Materials  and  Processes  Defects:  specifications  applicable 

to  these  research  programs. 

-  McDonnell-Douglas  Aircraft  (MCAIR)  Material  Specification 

-  Process  Standard 

-  Northrop  Materials  Test  Specification 

-  weight 

-  volume 

-  10-6,  micro 

-  Northrop  Material  Specification 

-  0.001  inch 

-  Military  specification  on  structural  adhesives 

-  A  cleavage- fracture  peel  test  described  in  MMM-A-132 


UP 

DL 

NDI 


-  uniform  porosity 

-  delamination 

-  nondestructive  inspection 
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QC  INSTRUCTION  SHEET  NO.  1 


PREPREG  REQUIREMENTS  FOR  HERCULES  AS/3501-6  GRAPHITE /EPOXY 


Incoming  graphite/epoxy  prepreg  shall  conform  to  the  requirements  as  set 
forth  in  MMS-549.  In  case  of  conflict  between  this  document  and  MMS-549, 
the  requirements  of  this  document  shall  take  precedence.  Acceptance  test¬ 
ing  shall  be  performed  at  Northrop  to  verify  these  requirements  and  in 
accordance  with  MCATR  P.S.  21332.  In  case  of  conflict,  this  document 
will  take  precedence. 


TABLE  Al.  AS/3501-6  ACCEPTANCE  REQUIREMENTS 


PROPERTY 

ACCEPTANCE  REQUIREMENTS* 

rrr,orP  TLfirrPLir\T\ 

TYPE  I 

TYPE  II 

MTiinUL) 

Nongraphite  content  (7.W) 

42  ±  3 

35  ±3 

P.S.  21332 

Flow  (7.) 

12  to  30 

15  to  30 

P.S.  21332 

Volatile  content, 

250F  (7.W) 

1.5  maximum 

1.5  maximum 

P.S.  21332 

0°  flexural  strength,  ksi 

220  min  avg 

220  min  avg 

IT- 58  Para.  3,14 

Laminate  fiber  volume  (7,V) 

62  ±3 

62  ±3 

IT- 58  Para.  3.14 

Laminate  void  content  (7.V) 

1  maximum 

1  maximum 

|  IT- 58  Para.  3.14 

Laminate  specific  gravity 

1.59  to  1.63 

1.59  to  1.63 

!  IT- 58  Para.  3.15 

Transverse  tension 
(pi-in/  in) 

5,000  min  avg 
4,000  min 
individual 

j 

5,000  min  avg 
4,000  min 
individual 

IT- 58** 

IT- 58** 

Laminates  to  be  cured  per  instructions  in  Process  Instruction  Sheet  M&P-D  No.  1. 


Material  that  has  been  stored  more  than  six  months  at  0°F,  or  has  been  exposed 
to  room  temperature  for  more  than  a  cumulative  total  of  40  hrs,  must  be  retested 
prior  to  use. 

*Based  on  a  minimum  of  three  determinations  .  Type  I  single  ply;  Type  II  double  ply. 
**Clip-on  extensometer  may  be  used  for  strain  measurements. 
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QC  Instruction  Sheet  No.  2 

Physical  and  Mechanical  Property  Requirements  for  Program  Laminates 

The  physical  and  mechanical  properties  of  the  QC  test  specimens 
from  porous  and  non-porous  laminates  shall  meet  the  requirements  set 
forth  in  Table  A2. 


TABLE  A2 .  PHYSICAL  AND  MECHANICAL  PROPERTY  REQUIREMENTS  FOR  PROGRAM  LAMINATES 


1  ACCEPTABLE 

REQUIREMENTS 

PROPERTY 

POROUS 

NON-POROUS 

TEST  METHODS 

Fiber  Volume  (%) 

55+5 

59+4 

IT-58,  para.  3.14  ”} 

! 

Void  Content  (%) 

I 

3+2 

si 

IT-58,  para.  3.14 

i 

i 

;  Specific  gravity 

1. 45-. 155 

1.56-1.62 

* 

IT-58,  para.  3.15  i 

| 

i 

|  Transverse 
:  compression: 

S  Kt 

>. 

25  ksi 

30  ksi 

1 

t 

,  ! 

See  Refs.  1,  3  j 

j 

i  b)  [+45/0/90] 

|  —  nS  j 

40  ksi 

50  ksi 

i  \ 

See  Refs.  1,  3 

!  j 

;  1 

Longitudinal  compression 
j  strength  minimum,  indi- 
?  vidual: 

j  Mot 

110  ksi 

| 

i  ! 

I  1 

i  i 

i  1 

1  120  ksi  j 

|  1 

i 

!  : 

j  j 

See  Refs.  1,  3 

|  b)  [+45/0/90] nS 

90  ksi 

!  94  ksi  i 

1  | 

See  Refs.  1,  3 

Transverse  Tension: 
[+45/0/90]ng 

25  ksi 

i  i 

30  ksi  | 

ASTM  D-3039 
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PROCESS  INSTRUCTION  SHEET  NO.  1 


SOLID  LAMINATE  ASSEMBLIES 

I.  Process  Specification  P.S.  14240  (MCAIR) 

P.S.  14240  specification  applies.  However,  in  case  of  conflict  with 
this  document  (PIS  -  ID/CF-1),  the  latter  takes  precedence. 

II.  Layup  of  Graphite  Prepreg 

1.  Cut,  layup,  and  debulk  books  of  material  as  necessary. 

2.  Over  a  clean  caul  plate  covered  with  nonporous  Armalon,  layup  the  graphite 
prepreg  books  precut  to  the  size,  stacking  order,  and  number  of  plies  as 
specified  in  the  appropriate  drawing  or  specification.  Use  cork, 
coreprene,  or  silicone  rubber  dams  around  circumference. 

3.  A  ply  of  porous  Armalon  shall  be  placed  over  the  graphite  prepreg 
followed  by  plies  of  120  glass  bleeder  cloth.  A  ratio  of  one  ply 

of  120  glass  cloth  to  the  required  amount  of  graphite  shall  be  used. 

4.  One  ply  of  nonporous  Armalon  shall  be  placed  on  top  of  the  last  ply 
of  120  glass  bleeder  cloth. 

5.  Wrap  the  assembly  with  a  minimum  of  three  layers  of  Osnaburg  cloth. 

6.  Vacuum  bag  the  entire  assembly. 

III.  Cure  Cycles 

a.  For  Laminates  A.  R.,  and  C 

1.  Apply  full  vacuum  (24-inch  to  28-inch  Hg)  to  the  bagged  assembly 
and  apply  15±2  psig  autoclave  pressure. 

2.  Heat  to  240±10°F  at  a  heat-up  rate  of  3°F/min  to  6°F/min,  hold  at 
240°F  for  60  to  70  minutes. 

3.  Holding  autoclave  pressure  at  15  psig,  vent  bag  and  raise  temperature 
to  350°F  at  1°  to  6°F/min. 

4.  Hold  at  350°F  for  two  hours  (120  ±10  minutes). 

5.  Cool  the  assembly  to  150°F  or  less  under  pressure. 

6.  Release  the  pressure  and  then  remove  assembly  from  autoclave. 

7.  Postcure  the  assembly  at  350°F  for  a  minimum  of  8  hours  in  an 
air-circulating  oven. 
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b.  For  Laminate  D 


1.  Apply  full  vacuum  (24-inch  to  28-inch  Hg)  to  the  bagged  assembly  and 
apply  8  5+5  psig  autoclave  pressure. 

2.  Heat  to  240  +10  F  at  a  heatup  rate  of  3  F/min  to  6  F/min,  hold  at 
240  F  for  60  to  70  minutes. 

3.  Increase  autoclave  pressure  to  100  psig  and  vent  vacuum  bag,  raise 
temperature  to  350  F  at  a  rate  of  1  F  /min  to  6  F/min. 

4.  Hold  at  350  F  for  two  hours  (120  +10  minutes). 

5.  Cool  the  assembly  to  150  F  or  less  under  pressure. 

6.  Release  the  pressure  and  then  remove  assembly  from  autoclave. 

7.  Postcure  the  assembly  at  350  F  for  a  minimum  of  8  hours  in  an  air- 
circulating  oven. 

IV .  Nondestructive  Inspection 

The  laminate  assemblies  shall  be  submitted  to  the  inspection  facility 
(in-house  or  subcontract  service)  for  nondestructive  inspection.  NDI 
will  consist  of  ultrasonic  C-rScan  inspection  and  radiographic  inspec¬ 
tion  on  laminates  A,  B  and  C  ,  and  C^scan  inspection  only,  on  laminate  D. 

V.  Destructive  Inspection 

1.  Trim  the  assembly  to  final  dimensions  and  cut  QC  specimens  as  specified 
in  appropriate  drawing,  fabrication  work  order,  or  specifications. 

2.  QC  test  specimens  shall  meet  the  minimum  requirements  set  forth  in 
QC  Instruction  Sheet  No.  2. 

VI.  Fabrication  of  1581/5208  Fiberglass  Tabs 

1.  Over  a  clean  caul  plate  covered  with  nonporous  Armalon,  layup  the 
required  size  laminate  of  1581/5208  fiberglass  cloth  prepreg,  as 

"  specified.  One  peel  ply  shall  be  placed  on  top  of  the  last  ply  of 
fiberglass  prepreg. 

2.  One  ply  of  porous  Armalon  shall  be  placed  on  top  of  the  peel  ply- 

One  ply  of  nonporous  Armalon  shall  be  placed  on  top  of  the  porous  rma  on 

3.  Wrap  the  assembly  with  at  least  two-ply  Osnaburg  cloth. 

4.  Vacuum  bag  the  entire  assembly. 

5.  Cure  the  assembly  for  90  +10  minutes  at  350  +10  F  using  35  +  psi 
autoclave  pressure  plus  full  vacuum  (approximately  50  psi  total) . 
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6.  Heatup  rate  to  350°F  is  to  be  3°F/min  to  6°F/min. 

7.  Fiberglass  tabs  shall  be  cut  from  the  fiberglass  laminate  to  the 
dimensions  specified. 

VII.  Secondary  Bonding  of  1581/5208  Fiberglass  Tabs 

1.  The  fiberglass  tabs  shall  be  bonded  to  the  assembly  using  Metalbond 

329,  AF-143,  FM-123,  of  AF-126  as  required  by  the  appropriate  Fabrication 
work  order,  drawing,  or  specification. 

2.  The  bonding  cycle  for  Metalbond  329  on  AF-143  shall  be  350  ±10°F  for 
60  to  70  minutes  using  50  ±5  psi  per  NAI  1370.  Heatup  rate  from  RT 
to  225°F  shall  be  3°F/min  to  6°F/min.  The  bonding  cycle  for  FM-123 
or  AF-126  shall  be  between  250°F  and  275°F  for  90  to  100  minutes 
using  35  ±5  psi.  Heatup  rate  from  RT  to  225°F  shall  be  3°F/min  to 
6°F/min.  From  225°F  to  350°F  the  heat-up  rate  will  be  1°F  to  6°F. 

VIII.  Machining  of  Test  Specimens 

Test  specimens  shall  be  sectioned  from  the  assembly  as  specified  in 
the  appropriate  drawings  and  specifications. 


Prepared  by 
Approved  by 


—  j— L 
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APPENDIX  B 


DRAWINGS  AND  PHOTOMICROGRAPHS 


FABRICATION  DRAWINGS  FOR  PROGRAM  TEST  LAMINATES. 

DRAWINGS  FOR  TEST  SPECIMEN  CONFIGURATIONS  AND 
TEST  FIXTURE  DETAILS. 

PHOTOMICROGRAPHS  OF  LONGITUDINAL  (L)  AND 
TRANSVERSE  (T)  CROSS-SECTIONS  OF  SPECIMENS 
FROM  PROGRAM  LAMINATES. 
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trimmed 


Laminate  A,  [0]  ,  Specimen  Cutting  Diagram 


Cut  out  .10%  10%.  L  x  3 
laminate!  section  for  ta 
specimen  cutting 


Figure  B2 .  Unifo 
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Figure  B5.  Standard  Compression  Test  Method  (Celanese,  Reference  ASTM  D-3410) 


Specimen 

Thickness 


Note— Bond  laminate  tabs  on  two  sides  and  at  both  ends.  Tabs  are  applied  to  the  end  of  the  test  composite  with  a  suitable 
adhesive.  Each  tab  is  a  minimum  of  38  mm  (1.5  in.)  long  by  the  width  of  the  laminate  and  a  thickness  of  approximately  1.5 
to  4  times  the  thickness  of  the  test  composite. 


’’'Specimen  width  =  1/2"  for  static  longitudinal  tension 
Specimen  width  =  1  "  for  static  transverse  tension 


Figure  B6.  Static  Longitudinal  and  Transverse  Tension  Specimen. 
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1.  BOND  1581/5208  TABS  WITH  APPROPRIATE  ADHESIVE. 

2.  SPECIMEN  THICKNESS  SHALL  NOT  VARY  MORE  THAN  40.005  INCH  FROM  NOMINAL. 

3.  SPECIMEN  LONGITUDINAL  EDGE  SHALL  BE  PARALLEL  TO  0.005  INCH. 

4.  TOP  AND  BOTTOM  SURFACES  SHALL  BE  FLAT  AND  PARALLEL  TO  0.001  INCH. 

Figure  B7.  Atmur  Test  Specimen-Uniform  Porosity  Laminate 
Fatigue  and  Residual  Strength. 
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All  dimensions  in  inches  (1  in.  =  25.4  mm) 


Section  A-A 


Figure  B8.  Static  Compression  Test  Fixture 
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1.  BOND  1581/5208  TABS  WITH  APPROPRIATE  ADHESIVE. 

2.  SPECIMEN  THICKNESS  SHALL  NOT  VARY  MORE  THAN  ±0.005  INCH  FROM  NOMINAL. 

3.  SPECIMEN  LONGITUDINAL  EDGES  SHALL  BE  PARALLEL  TO  0.005  INCH. 

4.  TOP  AND  BOTTOM  SURFACES  SHALL  BE  FLAT  AND  PARALLEL  TO  0.001  INCH. 


Figure  B9.  Atmur  Test  Specimen-Laminate  With  Delamination 
.  Fatigue  and  Residual  Strength 
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Figure  BIO.  Specimen  A-84  (ACL-4464) ;  50x  Photomicrograph  (reduced  to  ~70%  of  original  size) 
of  L  and  T  Cross-Sections  -  I.A.V.V.  =  5.7%. 


Specimen  A-88L  Specimen  A-88T 
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Figure  B12.  Specimen  A-90  (ACL-4464) ; 50x  Photomicrograph  (reduced  to  ~75%  of  original  size) 
of  L  and  T  Cross-Sections  -  I.A.V.V.  =  1.60%. 


IHiS' 


!|p| 


Figure  B14.  Specimen  B-3  (ACL-4465) ;  50x  Photomicrograph  (reduced  to~70%  of  original  size) 
of  L  and  T  Cross-Sections  -  I.A.V.V.  =  2.60%. 


Figure  B15.  Specimen  B-4  (ACL-4465);  50x  Photomicrograph  (reduced  to  ~70%  of  original  size) 
of  L  and  T  Cross-Sections  -  I.A.V.V.  =  2.35%. 


Figure  B16.  Specimen  B-5  (ACL-4465) ;  50x  Photomicrograph  (reduced  to  ~70%  of  original  size) 
of  L  and  T  Cross-Sections  -  I.A.V.V.  =  2.20%. 


Specimen  C-2L 


Figure  B17.  Specimen  C-2  (ACL-4466) 
~70%  of  original  size) 
3.35%. 


14: 


Specimen  02T 


50 x  Photomicrograph  (reduced  to 

of  L  and  T  Cross-Sections  -  I.A.V.V.= 


Specimen  C-4T 


:  Photomicrograph  (reduced  to 
L  and  T  Cross-Sections-I .A . V.V 


Specimen  D-2L  Specimen  D-2T 

Figure  B21.  Specimen  D-2  (ACL-4472);  50x  Photomicrograph  (reduced  to  ~70% 

of  original  size)  of  L  and  T  Cross-Sections  -  I.A.V.V.  <  0.10%. 
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Specimen  D-10  (ACL-4472);  50x  Photomicrograph  (reduced  to 
of  orignial  size)  of  L  and  T  Cross-Sections  -  I.A.V.V.  < 


NORTHROP  -  AIRCRAFT 
MICaOSTKUCTURAL  ANALYSIS  LABORATORY 
ORGN.  3871  -  PHONE  5*36 

TEST  REFORT  #:  367 1MAL-R68 1-2  2  June  1981 


REFERENCE:  MTWO  8437  (HAL  481-29) 

SUBMITTED  BY:  G.  Grimes 


REPORT  BY:  y^V,  /h  t  T  _  S.  L.  Feenstra 


M.  H.  Ran  sick 


CONCURRENCE: 


SUBJECT: 

Photomicrographs  qf  MAP  Defect  Specimens 
PROCEDURE: 

Sixteen  specimens  were  cut  and  mounted  in  the  longitudinal 
and  transverse  direction.  They  were  then  polished  and  photo¬ 
graphed  at  5 OX.  A  montage  was  then  made  of  the  50X  photos  for 
each  specimen. 

After  completion  of  the  photomicrographs,  image  analyses  to 
determine  the  void  content  of  each  specimen  were  performed. 

RESULTS: 

As  seen  in  the  attached  montages,  a  large  amount  of  voids 
wpre  present  in  A-81,  A-84,  A-88*  A-90,  B- 1 ,  B-3.  B-4,  B-5.  C-2, 
C-4,  C-7,  and  C-9.  Although  specimen  D-10  did  not  contain  any 
voids,  it  did  contain  a  ply  of  something  other  than  graphite/epoxy 
in  the  center  of  the  laminate. 

All  of  the  B  specimens  did  not  exhibit  an  apparent  longitu¬ 
dinal  or  transverse  direction.  This  indicated  the  orientation  of 
the  laminates  was  +45  degrees. 

Some  of  the  specimens  were  wider  in  one  direction  than  in  the 
other.  This  appeared  to  be  caused  by  the  specimen  being  cut  too 
close  to  the  edge  of  the  laminate  where  the  dimensions  are 
irregular . 
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by 


The  following  is  a  listing  of  the  void  content  as  determined 
image  analysis. 


Spec  . 

# 

5  Voids 

Spec . 

t  Voids 

A-8  1 

T 

4.6 

C-2 

T 

3- 1 

A  —  8  1 

L 

3.2 

C-2 

L 

3.6 

A-8  4 

T 

5.8 

C-4 

T 

3. 1 

A-84 

L 

5.6 

C-4 

L 

2.3* 

A-88 

T 

1.3 

C-7 

T 

3.0 

A-88 

L 

0.8 

C-7 

L 

3.4 

A-90 

T 

1.3 

C-9 

T 

3-8 

A-90 

L 

1 . 9 

C-9 

L 

2.  1 

B-1 

T 

2.  1 

D-2 

T 

<  .  1 

B-1 

L 

2.  1 

D-2 

L 

<  .  1 

B-3 

T 

2.  6 

D-6 

T 

0 

B-3 

L 

2.6 

D-6 

L 

0 

B-4 

T 

2.5 

0-8 

T 

<  .  1 

B-4 

L 

2.2 

D-8 

L 

0 

B-5 

T 

2.3 

D-10 

T 

<.  1 

B-5 

L 

2.  1 

D-10 

L 

< .  1 

Mount  numbers 

for  the  specimens  are 

as  follows: 

Spec  . 

2 

Mount  # 

Spec . 

_# 

Mount  # 

A-8  1 

81-0182-7 -2 

C-2 

81-0190-7-2 

A-8  4 

81-0183-7-2 

C-4 

81-0191-7-2 

A-88 

81-0184-7-2 

C-7 

81-0192-7-2 

o 

CTk 

1 

< 

81-0185-7-2 

C-9 

81-0193-7-2 

B-1 

81-0186-7-2 

D-2 

81-0194-7-2 

B-3 

81-0187-7-2 

D-6 

81-0195-7-2 

B-4 

81-0188-7-2 

D-8 

81-0196-7-2 

B-5 

81-0189-7-2 

D-10 

81-0197-7-2 
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APPENDIX  C 


PHOTOGRAPHS  OF  FAILED  TEST  SPECIMENS 


Figure  Cl.  Failed  Specimens  From  Test  Series  III 


Failed  Specimens  From  Test  Series  IV 


Figure  C3.  Failed  Specimens  From  Test  Series 


Figure  C4 ,  Failed  Specimens  From  Test  Series 


Figure  C5  „  Failed  Specimens  From  Test  Series  VII 


Figure  C6.  Failed  Specimens  From  Test  Series  VII 


Figure  CS,  Failed  Specimens 
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Figure  CJil.  Failed  Specimens  From  Test  Series  XI 


1 6  6 


Figure  C13 *  Failed  Specimens  From  Test  Series  XV 
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